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Abstrakt ve statnim jazyce

V préci se zabyvam zjistovanim vybranych mechanickych vlastnosti, jako jsou
ohybova prace, ohybovy potencial, tangentové moduly, secnicovy modul a modul
pruznosti vrstvenych materialli na bazi zhuStovaného dieva (v rozsahu zhusténi od
10 % do 40 %, vzhledem ke vstupni tloust'ce lamel) vyztuzovaného vysokopevnostnimi
komponenty na bazi uhlikovych a skelnych vlaken a také dal§imi faktory vstupujicimi
do procesu vrstveni dfeva. Hlavnim cilem prace je ovefeni hypotéz o moznosti
vyuzitelnosti zhustovaného dieva ve skladbé vrstvenych materialll a vyztuzovani
téchto materiald na zaklad¢é kvantifikace vybranych vlastnosti v ohybu. Dal§imi cili
prace je vyvoj vhodného nastroje pro piesné stanoveni ohybovych charakteristik, dale
pak vytvofeni matematické metody stanoveni teoretického modulu pruznosti vice
vrstvych materidlll jako néstroje pro navrhovani vrstvenych materialii na zaklad¢ jejich

geometrickych parametrt a jejich tuhosti.

Byly potvrzeny hypotézy o vlivu zhuStovani dieva ve skladb& vrstvenych
materialii a stejné tak byla potvrzena hypotéza ohledné vyztuzovani dieva, vhodnou
kombinaci zhustovani a vyztuzovani Ize dosdhnout vyznamného zlepseni sledovanych
vlastnosti. Co se tyCe hypotézy ohledné vytvofeni matematické metody stanoveni
modulu pruznosti vrstvenych materiald, piistup predkladany v praci se da pouZivat
s dostatecnou presnosti pouze na materidly bez vyztuznych komponentl, coz je dané

zjednoduSenym charakterem tohoto matematického ptistupu.

Kliova slova: mechanické vlastnosti, kompozitni materidly, vrstvené

materialy, zhustovani dfeva, vyztuzovani dreva.



Abstrakt v cizim jazyce

The thesis deals with the determination of selected mechanical properties, such
as bending work, bending potential, tangent modules, chord modulus and modulus
of elasticity of laminated wood-based materials with densified wood (densification
ranging from 10 % to 40%, due to lamella thickness) reinforced with high-strength
carbon and glass fibres based components and last but not least, other factors entering
the wood layering process. The main goal of this thesis is to verify hypotheses about
the possibility of usability of densified wood in the composition of laminated materials
and reinforcement of these materials based on the quantification of selected bending
properties. Other goals are the development of a suitable tool for accurate determination
of bending characteristics, and creating a mathematical method for determining the
theoretical modulus of elasticity of multiple layed materials as a tool for designing

layered materials based on their geometric parameters and their stiffness.

Hypotheses about the influence of wood densification in the composition
of laminated materials were confirmed, as well as the hypothesis regarding wood
reinforcement was confirmed, a suitable combination of compaction and reinforcement
can achieve a significant improvement of the observed properties. Regarding
the hypothesis of creating a mathematical method for determining the modulus of
elasticity of layered materials, the approach presented in the thesis can be used
with sufficient accuracy only for materials without reinforcing components, it is given

by the simplified nature of this mathematical approach.

Keywords: mechanical properties, composite materials, laminated materials,

wood densification, wood reinforcement.



Cile prace

Zakladnim cilem prace je kvantifikace vybranych ohybovych -charakteristik
(ohybova prace, ohybovy potencial, tangentové moduly, seCnicovy modul a modul
pruznosti) vrstveného materidlu z hlediska zhustovéni, vrstveni a vyztuzovani vysoko
pevnostnimi prvky jakozto i jejich spole¢nou interakci. Cile budou naplnény analyzou
pribéhu naméahani téchto materidld ve statickém ohybu, v rdmci této analyzy jsou
stanoveny dil¢i cile jako je vytvoteni vhodného nastroje pro piesné stanoveni ohybovych
charakteristik, a dale pak vytvofeni matematické metody stanoveni teoretického modulu

pruznosti vice vrstvych materialti jako nastroj pro navrhovani vrstvenych materiald.

Hypotézy

1. Zhustovanim jednotlivych vrstev ve skladbé vrstveného materidlu l1ze vyznamnou
meérou zvysit vybrané mechanické vlastnosti vrstvenych materialt s ohledem na
stupén zhusténi.

2. Kombinaci dfevnich vrstev s vysoko pevnostnimi komponenty ve skladbé
vrstvenych materialli 1ze vyznamnou mérou zvysit vybrané mechanické vlastnosti
vrstvenych materiald s ohledem na typ vysokopevnostniho komponentu.

3. Za ucelem presngjSiho stanoveni ohybovych vlastnosti materidli je mozné
vyuzivat silové pruhybové diagramy s vyuzitim interpolace chybéjicich hodnot s
pfesnym stanovenim hrani¢nich bodd.

4. Moznost aplikace matematické metody vychazejici z lamindrni teorie pro

stanoveni teoretického modulu pruZnosti vrstvenych materiala.
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1 Uvod

Charakteristiky dfeva dé¢laji z tohoto materidlu unikétni ptfirodni material (Bodig
a Jayne 1982). Jiz v minulosti i soucasnosti to byl bézn€ pouzivany a velmi univerzalni
material v dfevo zpracujicim priimyslu (Pozgaj et al. 1993). V soucasné dob¢ prochazeji
materidly pouzivané v dievozpracujicim primyslu ur€itymi zménami. Tyto zmény
se tykaji zejména zlepSeni vlastnosti nejcastéji pouzivanych nebo nové vytvorenych
materidli se specifickymi vlastnostmi (Zemiar et al. 1999, Sandberg et al. 2018). Hranice
tvorby materialti vyhradn€ na bazi pfirodni dfevni substance maji své omezeni. I ptesto,
7ze se neustdle posouvaji, ukazuje se, ze vyraznéj$i pokroky je mozné dosdhnout
zuslechtovanim dfeva rliznymi metodami, anebo jeho vrstvenim v kombinaci s jinymi,
rozdilnymi latkovymi komponenty (Lukowsky 2015, Bal 2016, Niemz 2016). Vrstvené
dfevéné materidly Ize modifikovat upravenim vybranych vlastnosti jednotlivych vrstev
napiiklad zhu$tovanim nebo kombinacemi jednotlivych vrstev s nedfevénymi
komponenty (Nelson 1997, GaSparik et al. 2016). Vrstveni dfeva je technika vyroby
materiald z nékolika vrstev s vyslednym zlepSenim vybranych vlastnosti. Proces vrstveni
je velmi dulezity v primyslovém vyuziti jak ve stavebnictvi, tak i v dfevozpracujicim
prumyslu (Glos ef al. 2004). Moznosti zvySeni pevnosti a tuhosti dieva spocivaji v jeho
kombinaci s nedfevnimi komponenty na riznych materidlovych bazich. Pfi vrstvenych
materiadlech ve stavebnich konstrukcich jsou to ocelova, skelnd, uhlikové vldkna a dalsi
(Dai 2006, Parvez 2009), ale také razné ocelové spojovaci prostiedky. MiiZzou se
aplikovat v lepeném lamelovém dievé (GLULAM), ale také ve vrstvenych masivnich
deskach. ZvySené pevnostni vlastnosti vrstvenych materidli je mozné dosdhnout
spoluptisobenim materialii pfedepsanych kvalitativnich parametri. Vyzkumy poukazuji
na aspekty zvyseni pozadavku na kvalitu dfeva a zplsobii spojovani (Florek et al. 2009,

Stod a Herajarvi 2010, Steiger a Gehri 2010, Sandoz 2009).

Z hlediska zaméfeni prace byla feSena problematika statického ohybu. Mezi
nejdulezitéjsi faktory ovlivilujici ohybové vlastnosti jsou druh dfeva, tlouStky
jednotlivych vrstev a metoda modifikace dieva (Ellis a Steiner 2002, Yoshihara a Itoh
2003, Wang a Cooper 2005, Frese a BlaB 2006). Hlavnim ucelem zhuStovani
jednotlivych vrstev je zvySeni vybranych mechanickych vlastnosti. Toto tvrzeni
je zalozeno na védomostech, ze dievo s vysSi hustotou dosahuje vysSSich napétove-
deformacnich charakteristik pii statickém naméahani (Kamke 2006, Weber a Krug 2008).

V praci je feSena problematika zhustovéani dieva bez uplné plastifikace, jednd se o
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technologii pfi zhustovani dieva v kontinudlnich vyrobnich procesech, kdy uplna
plastifikace je ¢asové pomérné naro¢nd a sniZuje pruznost samotné vyroby. Rlzné
vlastnosti vrstvenych materidli Ize dosdhnout také kombinacemi dieva s rozdilnou
hustotou (Gaff er al. 2017). Z hlediska aplikovatelnosti musi kompozitni materialy
dosahovat urcéitych mechanickych vlastnosti. Je potieba rozliSovat ohybové
charakteristiky v pruzné a plastické oblasti pracovniho diagramu (Brandt a Fridley 2001).
Namahani kompozitnich materialii ohybem je velmi aktualni otdzkou. Z hlediska vyuziti
kompozitnich materiali v exteriéru a interiéru jsou tyto ohybové charakteristiky velmi
dilezité.

Protoze se u vrstvenych kompozitii predpoklada, Ze vzajemna spojitost komponentii
ruzného latkového slozeni bude zabezpecovand hlavné lepenim, do jejich vzdjemného
vztahu vstupuje lepidlo jako dal$i komponent. Pii lepeni dieva s nedfevnimi materialy
je dilezité zohlediovat strukturu dieva, dfevo je porovitou latkou polarniho charakteru a
heterogenniho organického slozeni. Pro dobrou adhezi lepidla ke dievu a druhému
materidlu a dostatecnou soudrznost a houzevnatost lepidlového filmu v lepidlovém spoji
se vyzaduje Cisty povrch, vhodné vysusené a hladce opracované dievo. ZvySovani
pevnosti spoje lepenych materiald je trvalym cilem v procesu lepeni (Sedliacik 2005).
Kvalita lepeného spoje zavisi nejen na druhu lepenych materidlti a lepidla, ale také
na vlastnim procesu lepeni (Shukla a Kamdem 2008). Produkce vrstvenych materialt
vyzaduje urcitou ekonomickou néarocnost, kterou je nevyhnutelné kvantifikovat
z hlediska néakladovosti navrhnutych variant feSeni. Kazdy vyrobek ma mnoho
kvalitativnich a kvantitativnich vlastnosti, z kterych ma kazda svoji vlastni hodnotu.
Finélni kvalita vyrobku je dana synergii U¢inku téchto vlastnosti a rozptylem jejich
hodnot (Nenadal 2008).

V poslednich letech se objevila fada novych matematickych model a matematickych
analyz, jejichz vysledky pomadhaji rozsifit poznatky o ohybovych charakteristikdch
materidlti na bazi dfeva a nedfevnich komponentl (Gaff et al. 2016, Gaff et al. 2017).
Tvorba novych typt materialt specifickych vlastnosti pro dany ucel pouziti je védecké a
primyslové odvétvi, které je na Spice celosvétového zdjmu témeét kazdé pramyslové
oblasti. Vyvijeji se inteligentni materidly, na které jsou kladeny rlizné poZadavky jejich
,potencialnich* zpracovatelt. Velkym nedostatkem pfi zkoumani jejich vlastnosti je to,
ze mnohokrat metody vyhodnoceni vychazeji z ptistupii zavedenych v dobach, kdy

nebyly takové moznosti, jaké v soucasné dobé€ pfindseji moderni informacni technologie.
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Nemén¢ podstatnym piinosem je implementovani novych védeckych poznatkii (ve formée
matematickych modell) a pristupti k jejich identifikaci, na zaklad¢€, kterych je mozné
dualezité materidlové charakteristiky spravné a rychle identifikovat a kvantifikovat.
Vysledky prace poskytnou podklady pro tvorbu specifickych vrstvenych materiali na
bazi dfeva s ohledem na jejich skladbu a tim padem i na lepsi vyuzivani dfevni suroviny
na zaklad¢ presné kvantifikace vybranych ohybovych vlastnosti vrstveného materialu
z hlediska zhustovani, vrstveni a vyztuzovani vysokopevnostnimi prvky jakozto i jejich
spole¢nou interakci. V Praci se také zaobirdm novou tvorbou matematické metody pro
stanoveni teoretického modulu pruznosti specifickych vrstvenych materidlii na zakladé
vlastnosti jednotlivych vrstev. Tato metoda ma potencialni vyuziti pii tvorbé specifickych

vrstvenych materidlii pro dany typ uziti v rdmci pozadovanych vlastnosti.
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2 Kompozitni materialy

Kompozitni materidly se objevily v poloviné 20. stoleti jako slibnad tfida
inZzenyrskych materialti poskytujici nové vyhlidky na moderni technologie. Obecné 1ze
fici, ze jakykoli material sestavajici ze dvou nebo vice slozek s riznymi vlastnostmi
a odliSnymi rozhranimi mezi slozkami muze byt oznacen jako kompozitni material.
Myslenka kombinovat nékolik komponentti k vyrobé materidlu s vlastnostmi, které
nejsou dosazitelné s jednotlivymi komponentami, byla ¢lovékem pouzivana po tisice let

(Vasiliev a Morozov 2018).

Kompozitni materialy Ize tedy definovat jako kombinovany material slozeny
z dvou nebo vice typti materiali (vyztuzné elementy, vyplné, spojovaci matrice) liSicich
se v makromé&fitku tvarem nebo slozenim. Kazda slozka v kompozitnich materidlech
muze byt fyzikdln¢ identifikovdna spolu s rozhranim mezi jednotlivymi slozkami.
Kompozity jsou materidly, ve kterych jsou délkové nehomogenity v rozmérech mnohem
vétSich, nez jsou atomarni (coz umoziuje vyuzivat pro tyto nehomogenity rovnice
klasické fyziky), které jsou ale v makroskopickém méfitku pfirozené (statisticky)

homogenni (Milton 2002).

Kompozitni materidly lze kategorizovat dle povahy matice, podle druhu
zpeviujici faze, podle geometrického tvaru zpevijici faze a podle finalniho pouZiti.
Kompozitni materidly z hlediska druhu zpevilujici fadze lze ve vSeobecnosti rozdélit
na vlaknové a Casticové. Z hlediska charakteru prace bude vyzkum zaméten na vlaknové

kompozitni materialy, jejichZ rozdéleni 1ze vidét na obrazku 1.

Kompozitni materialy
']

f 1
Vlaknové Céasticové
L
T 1
Jednovrsvé Mnohovrsvé
Dlouhovlakné : Krétovlalné Laminaty J— Hybridni
S jednosmémym S ndhodnou
vyztuzenim orientaci
S dvousmérnym S ptednostni
vyztuzenim orientaci

Obr. 1 Kategorizace kompozitnich materiali z hlediska typu zpeviiujici faze
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Obr. 2 Schématické znazornéni synergického efektu (prevzato z Dad’ourek 2007)

Pii tvorbé kompozitnich materialii je nutné¢ brat v potaz takzvany synergicky
efekt, pod kterym se rozumi, zZe vysledné slozeni pozitivnich vlastnosti by mél byt vyssi
nez pomérny soucet. Synergicky ucinek je mozné vyjadfit jako 1 + 1 = 3 (Dad’ourek

2007). Grafické vyjadieni synergického ucinku je zobrazeno na obrazku 2.

2.1 Kompozitni materialy na bazi dieva a jejich kategorizace

Snizovani kvality lesnich surovin a poptavka po dfevénych prvcich s piesngji
definovanymi vlastnostmi zvysuje zdjem o kompozitni materidly na bazi dieva. Dievo,
navzdory oceli a betonu zlstava poslednich 150 let vyznamnou surovinou uZivanou
ve stavebnich aplikacich, jakozto jeden z mala obnovitelnych zdrojii. Rozvoj techniky
v poslednich letech vyrazné zlepsSuje vyuzivani dievni suroviny v riznych aspektech
vyuziti at’ uz z hlediska jeho funkénosti ¢i trvanlivosti. Novymi zplsoby zpracovani
pfirodniho dfeva 1ze dosdhnout pozitivni zmény jeho vstupnich rozmérovych parametrti
¢i jeho fyzikalnich a mechanickych vlastnosti. Soucasné Ize vyuzivat vyrobni zbytky
a dfevo nizsi kvality k vyrobé vsestranné vyuzitelnych a ucelnych vyrobki. Jednou
z klicovych vlastnosti zpracovéani dieva je, Ze technickymi prostiedky lze piekonat
omezeni dané rozméry kmene a vyrdbét kompozitni materidly s definovanymi
vlastnostmi a rozméry pfizpisobenymi ucelu pouziti. Diky tomuto vyvoji je mozné
odstraiiovat vliv pfirozenych vad struktury dfeva za ucelem zvySeni jeho pevnostnich
charakteristik, ale také potlaceni nepfiznivého vlivu anizotropie difeva a jeho

nehomogenity (Kral a Hrazsky, 2005, Sandberg et al. 2018).
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2.2 Specifikace a moZnosti uplatnéni vybranych kompozitnich
materiali na bazi direva v praxi

Vzhledem k charakteru prace jsou v této kapitole popsany pouze vybrané skupiny
kompozitnich materiali na bazi dfeva, a to lepené lamelové dievo, dievo zpevnéné

vysoko pevnostnimi vldkny, vrstvené dyhové dievo a vrstvené zhusténé dyhové dievo.

2.2.1 Lepené lamelové dievo

Lepené lamelové dfevo, bézn€ oznafovano jako GLULAM, piedstavuje
konstrukéni nosné prvky z tloustkove slepovanych ptifezii s rovnobézné orientovanymi
vlakny ve sméru nosniku nebo ptitezl s urcitym zakiivenim. V Evropé i v jinych ¢astech
svéta se lepené vrstvené dievo pouziva v Siroké Skale aplikaci, od nosnych tramil po
hlavni konstrukéni prvky, jako jsou nosniky, sloupy apod. Tyto prvky se bézn¢ pouzivaji
pro stavbu kancelafskych budov a skol, jakoz i pro primyslové stavby pro stavbu mostii
K vyrobé se pouziva jehli¢naté i listnaté dievo, nejobvyklejsi jsou ale smrk ztepily,
douglaska tisolistd, modiin, borovice lesni, borovice bahenni, borovice montereyska
a liliovnik. Pro konstrukce, kde se ptredpoklada dlouhodoby vliv vlhkosti, se pouziva
fezivo oSetfené ochrannymi prostiedky. Hlavni vyhodou lepeného lamelového dieva
je jeho vysoka pevnost a tuhost, coz znamena, Zze miiZze byt pouzita k vyrob¢ konstrukci
pro Siroké rozpéti a zvySenou tnosnost. K vyrobé lepeného vrstveného dieva se zasadné
pouziva dievo pevnostni tiidy, které vyrobek odlisuje od jinych typi tloustkove lepenych
vyrobkd. Pro maximalni vyuziti pevnosti vyrobku se dievo s vysokou pevnosti ¢asto
pouziva na vné&jsi ¢asti, kde je namahani nejvétsi ,,kombinované lepené lamelové dievo®,
nicméné existuji 1 ,.,homogenni* typy lepené¢ho lamelového dieva vyuZivajici prvky
o pfiblizné stejné pevnosti. K vyrobé lepen¢ho vrstveného dfeva se pouZzivaji vyhradné
lepidla se zaru¢enou vysokou pevnosti a odolnosti vii¢i dlouhodobému zatizeni a lepidla,
s nimiZ maji vyrobci dlouhodobé¢ praktické zkuSenosti (Obucina et al. 2017, Sandberg et

al. 2018).

Vzhledem k béZné vyuZivanym materialim ve stavebnictvi jako je beton a ocel

ma lepené lamelové dfevo mnozstvi vyhod, napt.:
- lepené lamelové dievo je vice ekologicky pratelstéjsi nez beton a ocel, je plné
recyklovatelné a ma mensi energetické naroky na vyrobu,

- vyhodou lepeného lamelového dieva vzhledem k betonu a oceli je také lepsi
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jeho uhlikova stopa,

- velkou vyhodou téchto materidli je jejich hmotnost, pfi porovnani nosniku

tohoto typu materidlu pfi stejnych rozmérech s betonovymi prvky dosahuje

lepené lamelové dievo jen 1/6 hmotnosti betonového prvku, v piipadé oceli

se jedna az o0 2/3,

- vyznamnou vyhodou lepeného lamelového dieva je jeho chovani pti vystaveni

ohni, kdy nedochézi k pfimému selhani nosniku,

- moznost vyroby nosnikil o Siroké skale tvarti a rozméra.

Vlastnosti lepené¢ho lamelovéh dieva dle tiid pevnosti je mozné vidét v tabulce 1.

Tab. 1 Vlastnosti lepeného lamelového diteva dle CSN EN 14080 (2013)

Tridy pevnosti kombinovaného lepeného lamelového dieva

Viastnost [MPa] 20c¢ 22¢ 24c¢ 26¢
Pevnost v ohybu 20 22 24 26
Modul pruznosti 10400 10400 11000 12000 12500

T¥idy pevnosti homogeniho lepeného lamelového dieva

Viastnost [MPa] 20h 22h 24h 26h
Pevnost v ohybu 20 22 24 26
Modul pruZnosti 8400 10500 11500 12000 12600

Tabulka udéava zakladni vlastnosti jako je pevnost v ohybu a modzl pruZnosti pro

tfidy pevnosti kombinovaného nebo homogenniho lamelového dreva.

2.2.2 Drevo zpevnéné vysokopevnostnimi vlakny

Dievéné prvky zpevnéné polymernim kompozitnim systémem vyztuZenym

vlakny jsou vyuzitelné pro konstrukéni nosné aplikace, jako lepené lamelové dievo

v konstrukei staveb, mostll, zelezni¢nich prazct a pii opravach dievénych sloupkt. Také

pieklizky lze zpeviiovat vloZenim vlaken nebo textilie mezi dyhové vrstvy. Existuje cela

fada postupti pro vyztuzeni dfevénych dilcti pomoci polymernich kompozitl vyztuzenych

vladkny, jako je vyztuzovani dfevénych prvki mokrym procesem nebo lepeni

prefabrikovanych listd material na dfevéné prvky (John a Lacroix 2000, Fiorelli a Dias

2003, Borri et al. 2005). Velmi Casto se pouzivaji skelnd vlakna, pro specialni tcely také
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uhlikova a aramidova vlakna. NejvhodngjSim zpeviiovacim materidlem pro dievéné
konstrukce je E-sklo diky rovinné aplikaci ve dvou vrstvach. Vrstvy mohou byt ukladany
paraleln¢€, nebo v uhlu 45° vii¢i podélnému sméru textilie. Vldkna z E-skla se pouzivaji
také v netkanych textiliich. E-sklo je sklolaminat vyrobeny z bézného hlinito-vapnito-
borito-kfemicitého skla, vldkna, které nabizi vysokou pevnost, tuhost, odolnost proti
korozi, nizkou elektrickou vodivost a podstatné izotropni vlastnosti. Vlastnosti E-

skelnych vlaken zna¢nou mérou zévisi na obsahu oxidu boritého (Sandberg et al. 2018).

2.2.3 Vrstvené dyhové dievo

Vrstvené dyhové dievo (LVL) naptiklad Microllam® se vyrabi z dyh tloustky 2-
4 mm, slepenych dohromady se stejnou orientaci vldken jednotlivych vrstev do
velkoformatovych panelti nebo tramil. Nosniky Microllam® dosahuji modulu pruznosti
kolem 14 000 MPa a pevnosti v ohybu cca 85 MPa. Nékdy se pouziva ulozZeni vybranych
vnitinich dyh s kolmou orientaci vldken pro konstrukéni zpevnéni. Vyrobni postup
je velmi podobny pteklizce, findlni vyrobek mé vysokou pevnost, dobrou rozmérovou
stabilitu a homogenitu fyzikalnich a mechanickych vlastnosti v celé ploSe. Dyhy se vrstvi
v povrchovych vrstvach, ¢imz se zlepSuje pevnost v ohybu a modul pruznosti. Vrstvené
dyhové dievo lze vyuZivat ve velkoplosnych podlahovych a stfeSnich panelech, na stény,
ale 1 sloupy a nosniky. Vrstvené dyhové dievo se muZe kombinovat s jinymi
kompozitnimi materidly na bazi dieva, vyuzivat na duté podlahové a stfesni kazety pro
vytvoreni konstruk¢éniho prifezu s dobrymi moznostmi pieklenuti. Pocet dyh uzivanych
ve vrstveném dyhovém dieve zavisi na rozmérech jednotlivych desek. Vrstvené dyhové
dfevo se pouziva v tloustkach do 275 mm, v §itkdch kolem 2 m a délkou do 25 m kvili
omezenym dopravnim moznostem (Sandberg ez al. 2018). Uéelem konstrukce vrstveného
dyhového dreva je odstranit vady snizujici pevnost a tim dosdhnout vysoké pevnosti,
zlepSené rozmeérové stalosti a homogenity fyzikalnich 1 mechanickych vlastnosti. Dyhy
jsou odstupiiovéany tak, aby do jadra byla umisténa mén¢ kvalitni dyha, a jako vnéjsi
vrstvy se pouziva vysoce kvalitni dyhy, ¢imz se zlepSuje jak pevnost v ohybu, tak i modul

pruznosti (Obucina et al. 2017).
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2.2.4 Vrstvené zhusténé dyhové dfevo

Desky ze zhusténych vrstvenych dyh jsou materidlem, ktery je zlisovan v piicném
sméru, aby se zvysila jeho hustota. Tento proces se obvykle nazyva zhustovani. Fyzikalni
a mechanické vlastnosti materialu zavisi na pouzité teploté, tlaku a case lisovani. Jednim
z divodl zhuStovani dieva v pficném sméru bylo vytvofeni vysoce kvalitnich
komponentti ze dieva nizké kvality. Zhusténé dievo ma vSak nezadouci vlastnost, kdy
pfi vystaveni vlhkosti maji zhusténé prvky tendenci vyznamnych rozmérovych zmén.
Za urcitych vyrobnich podminek lze dosahnout spojeni mezi vrstvami materialu bez
pouziti lepidla, coz zlepSuje ekologickou charakteristiku vyrobku. Pro zabezpeceni
rozmérové stability vyrobku jsou obvykle dyhy impregnovany pryskyfici o nizké
molekularni hmotnosti, ktera je pak ¢aste¢n€ vytvrzovana teplem. Tramy se lisuji za tepla
na hustotu cca 1 300 kg/m*. Mezi dalsi aplikace pryskyfici impregnovanych dyh patii
ochranné otérové dily strojii a dopravnich vozidel, strojni modelatské formy, nepristtelné
ochranné bariéry, zasobniky na zemni plyn (LNG) a souvisejici pomocné prvky. Desky
ze zhusténych vrstvenych dyh nelze zaménovat s lisovanymi vrstvenymi laminaty, které
jsou z melaminem impregnovanych dekorativnich povrch podlozenych vicevrstvym
sulfatovym papirem impregnovanym fenolickou pryskyfici a slouceny do pevného listu

folie pomoci vysoké teploty a tlaku (Obucina ef al. 2017, Sandberg et al. 2018).
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3 Modifikace dieva za ucelem zvySeni mechanickych

vlastnosti

3.1 Modifikace dieva a jeho kategorizace

Pod pojmem modifikace dieva lze chéapat proces fizené zmeény piirodnich
vlastnosti dfeva za Ucelem zlepseni pozadovanych vlastnosti a soucasn¢ eliminace
nékterych nedostatkti dfevni suroviny (Hill 2006). Modifikaci dieva se zvySuje jeho
uzitnd cena, jelikoz umoziuje aplikaci dieva i v takovych aplikacich, kde by to za
pfirozenych okolnosti nebylo mozné, at uz z hlediska zlepSeni fyzikalnich nebo
mechanickych vlastnosti. Nicmén¢ modifikace jako takova je vSeobecné spojena s vyssi
cenou dieva, ktera se odviji od narocnosti technologickych operaci vyuzitych v tomto
procesu. At uz se jedna o vysoké energetické naroky procesu anebo naklady na recyklaci

¢i likvidaci modifikovaného dieva (Hill 2006, Hajek et al. 2018).

Z hlediska ¢asového ptisobeni ucinki modifikace 1ze modifikaci rozdélit na dvé
zakladni skupiny, a to na pfechodné modifikace, které se vyznacuji tim, ze vzhledem
k ptisobeni ¢asu se u€inky modifikace snizuji, poptipad¢ Gplné rusi. Druhou skupinou

jsou modifikace trvalé, kdy se efekt modifikace v Case neméni (Hajek ef al. 2018).

3.2 Modifikace struktury dieva zhustovanim

3.2.1 Strukturalni hladiny dieva

Vseobecna definice kompozitnich materiala je kombinace dvou a vice materialt
za ucelem vytvoreni nového materidlu vykazujiciho vlastnosti vSech kombinovanych
materiali (Vasiliev a Morozov 2018). Dievo se skladd z vldken usporadanych jako
vrstveny kompozit. Na molekuldrni urovni je dfevo slozeno ze tii hlavnich slozek, a to z
celuldzy, hemiceluléz a ligninu (obrazek 3). Patet dfeva na molekularni trovni je vysoce
uspotadana krystalicka celuldza, coz je polysacharid tvofeny vyhradné glukézovymi
jednotkami. O ligninu lze hovofit jako o lepidlu, jeZ spojuje hemiceluldzy a celulozu
dohromady a tim zvySuje celkovou mechanickou pevnost (Ek et al. 2009, Reinprecht

2012).
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Obr. 3 Chemické slozky dieva (Reinprecht 2012)

Z hlediska anatomické struktury ve dievé lze definovat stavbu buiikovych stén
na zdklad¢é jejich vrstevnatosti a podill a lokalizace chemickych slozek Stavba
buiikovych stén zavisi na typu bunék a druhu dieva (Niemz, 2016). Zakladni stavebni
jednotkou bunkovych stén dieva jsou elementarni fibrily, které jsou slozeny obvykle
ze 40 makromolekul celuldzy. 20—-60 téchto elementarnich fibril obvykle vytvareji
mikrofibrily s minimdlnim podilem hemiceluléz a ligninu. Hemicelul6zové vyplné
a ligninové mikro vrstvy se podileji hlavné na tvorb¢ slozené stfedni lamely, ktera lepi
jednotlivé bunky do komplexu dieva. Slozend sekundarni sténa je zdkladnim stavebnim
kamenem buiikové stény dieva (Reinprecht 2012). Vnéjsi sténa predstavuje vrstvu
primarni bunééné stény, na které jsou tfi sekundarni vrstvy S1, S2 a S3. Orientace
celulozovych mikrofibril je v kazdé vrstv€ zndzornéna ¢arami (obrazek 4). Nejvnitingjsi
vrstva bunécné stény je zanedbatelnd ve svém piispévku k fyzickym vlastnostem Bodig
a Jayne (1982). Pficemz vrstva S2 ma diky thlu uloZeni mikrofibril nejvyznamné;jsi
ptispévek k pevnosti a tuhosti, nezli je tomu u vrstev S1 a S3. Vyssi thly uloZeni
mikrofibril m4ji za nasledek nizs§i hodnoty modulu pruznosti dieva, jakoZ 1 niz$i hodnoty

pevnosti v tahu (Pozgaj ef al. 1993).

Obr. 4 Schématické znazornéni sloZeni bunééné stény (Bowes 1996)
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1 — vné&jsi vrstva sekundarni stény, 2 — stfedni vrstva bunééné stény, 3 — vnitini vrstva sekundarni

stény, 4 — lumen, 5 — primarni sténa, 6 — stiedni lamela

Pti pohledu na morfologickou strukturu dfeva je mozné identifikovat izolované
buiikové elementy a bunky seskupené do pletiv. Izolované bunkové elementy dieva
rozeznavame podle typu, tvaru, rozméru, osové orientace vzhledem ke dieni, tloustky
bunécné stény, a pritomnosti a lokalizace typti ztencenim v bunkovych sténach. Typ
bun¢k ve dievé se také rozliSuje podle druhu dfeviny. Dievo jehlicnatych dievin je
vyvojove starsi nez listnaté dfevo a maji jednodussi anatomickou stavbu. Ptiblizné 90 %
morfologické struktury jehli¢natého dfeva je tvofeno tracheidami, které maji vodivou
i mechanickou funkci. Dalsim elementem ve struktufe jehlicnatého dfeva jsou
parenchymatické buiiky dieniovych paprski, jejichz funkce je rozvadét organické zasobni
latky. Nejvetsi rozdil mezi buitkovymi elementy difeva jehli¢natych a listnatych dievin
jev tom, ze v ptipadé¢ dieva listnatych dfevin jsou jednotlivé typy bunék uzeji
specifikované a tim padem vice morfologicky pfizpiisobené svému ucelu. Pro vodivou
funkci jsou v listnatém dievé tracheje (jarni, letni). V morfologické struktute listnatého
dieva se také vyskytuji tracheidy (cévovité, vazicentrické, vlaknité). Pro mechanické
ucely jsou v listnatém dfeve libriformni vldkna (trubkovité, vietenovité, s ndhlym
rozSitenim ve stiedu vlakna), jejichz zastoupeni je v jednotlivych typech dieva listnatych
dfevin velmi odliSné. Parenchymatické buniky v morfologické struktuie dieva listnatych
dfevin je vyraznéji vice zastoupeny nez v piipad€ dieva jehli¢natych dfevin a jedna se
o0 axialni dfevni parenchym a radialni parenchym (Pozgaj et al. 1993, Dinwoodie 2000,
Reinprecht 2012). Pro jednodussi piehlednost jednotlivych typd bunéénych elementt je
mozné vidét jejich prehled v tabulce 2. Uspofadani jednotlivych bunkovych elementt

jehli¢natého a listnatého dieva je mozné vidét na obrazku 5.

Tab. 2 Funkce a tloust’ka bunécné stény bunék jehlicnatého a listnatého dieva (pi‘evzato z

Dinwoodie 2000)
. Jehli¢naté Listnaté Tloustka
Typ bunék drevo drevo Funkce bunécéné stény
Parenchym Ano Ano Ulozna, vodiva —
Tracheidy Ano Ano Podptirna, vodiva |-
Vidkna : Ano Podpiirna (=)
Trachee - Ano Vodiva ‘\ /'
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a) b)
Obr. 5 Uspoiadani buiikovych elementi v a) listnatém, b) jehlicnatém di'evé (PoZgaj et al.
1993)
5 a) 1 — letokruh, 2 — jarni céva, 3 — letni céva, 4 — libriformni vlakno, 5 — dietiovy paprsek, 6 —

podélny parenchym.
5 b) 1 — jarni dfevo, 2 — letni dievo, 3 — letokruh, 4 — jarni tracheida s dvojteckami, 5 — letni

tracheida, 6 — pryskyficny kanalek, 7 — dfenovy paprsek, 8 — pticna tracheida.

Takto usporadané bunkové elementy tvoii makro strukturu dieva, ktera definuje
prostorové tvary, podil bélové a jadrové Casti (respektive zralého dieva), podil jarniho
a letniho dfeva v jednotlivych letokruzich a vzdjemny pomér tangencialnich, radialnich
a pricnych ploch (Reinprecht 2012). Z hlediska makroskopickych znak je moZné
pozorovat rozdil mezi jddrovym dievem a bélovym dievem, které se nachazi na vnéj$Sim
okraji blize ke kiife. Jadrové dievo mé obvykle tmavsi barvu a je vysoce nepropustné
pro vlhkost vzhledem k sousedni béli (Hoffmeyer a Pedersen 1995). Dal§im znakem
ovlivitujicim makroskopickou strukturu dfeva je pfitomnost, pocetnost a stav
makroskopickych nehomogennosti. Jedna se o makroskopické znaky, jez se daji
povazovat za chyby dfeva (suky, tlakové nebo tahové dievo, nepravé jadro, pryskyfi¢né
kanalky apod.). Vniméani makroskopické struktury dieva je zavislé na n€kolika faktorech.
V prvni fad¢é na prostorovém rozmisténi bunikovych elementl a pletiv ve dievé. Dale
je zéavisla na vyskytu rastovych chyb a dalSich anomaliich. A v neposledni fad¢ je velmi

zavisla na zplisobu opracovani dieva (Dinwoodie 2000, Reinprecht 2012).

3.2.2 Vliv struktury dieva na jeho mechanické vlastnosti
Vlastnosti dieva jsou ovlivnény uspofadanim jednotlivych slozek dieva ve vSech
strukturalnich hladindch. Do zna¢né miry je také ovlivnéna pfitomnosti pfirodnich

defektli vyskytujici se ve struktufe dieva, ale také defekty vzniklymi pfi zpracovani
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dfevni suroviny. Tyto defekty se projevuji zménou venkovniho vzhledu, porusenim
pravidelnosti stavby dieva, celistvosti jeho pletiv a zménami v anatomické stavbeé (Pozgaj
et al. 1993). Vlivem struktury dfeva se v prubéhu poslednich let zabyvala spousta
vyzkumnych tymiti. Vysledné mechanické vlastnosti dieva se velmi vyrazné odvijeji
uz od chemického slozeni a vlastnosti bunééné stény. Touto problematikou se zabyvali
Bezazi a Salmén (2002). Ve studii byl zkouman vliv elastickych konstant difevnich
polymerti na elasticky modul bunécéné stény. Bylo zjisténo, ze celuléza dominuje
vlastnostem v podélném sméru, pfiCemz v pficném sméru byl ucinek vlastnosti
hemicelulozy vyraznéjsi. Vysledky ukazuji, Ze je mozné do zna¢né miry snizit nesoulad
mezi experimentdlnimi a modelovanymi hodnotami pificného modulu snizenim
pfedpokladanych hodnot elastickych konstant hemicelulozy a ligninu. TlouStka a thly
fibril vrstvy S1 a S3 byly také shledany dualezitymi parametry pro pfi¢né vlastnosti
bunécné stény. Tyto dvé vrstvy by nemély byt zanedbavany, pokud piicné elastické
vlastnosti souviseji se strukturou bunécné stény. Dievo je materidl s hierarchickou
bunécnou strukturou se specifickou pevnosti a specifickym modulem pruznosti. Kazda
buiika dieva se obvykle sklada z celul6zovych makromolekul, respektive fibril, které
se to¢i kolem sméru makroskopického vlakna. 1 kdyz je pfirozené predpokladat vztah
mezi Uhlem mikrofibril a mechanickymi vlastnostmi, dobra korelace byla dosud
stanovena pouze pro jednotliva vldkna. Vlivem ulozeni mikrofibril v bunééné sténé
se zabyval kolektiv Reiterer ef al. (1998), kde popisuji tento vztah pro tenké (200 pum)
¢asti dieva, coz poskytuje silny diikaz pro skute¢nost, Ze thel mikrofibril optimalizuje
roztazZitelnost dfeva. V kombinaci tahovych zkousek se strukturdlnimi zkouSkami pomoci
malého Uhlu rentgenového rozptylu bylo zjisténo vyrazné zvySeni maximalniho napéti
se zvySujicim se uhlem mikrofibril a také zménu elastickych modult.

Mnozstvi dfevni hmoty pfimo zavisi na podilu rozméri mechanickych elementt
dfeva jako i od podilu letniho dfeva a $itky letokruhi. Jedna se o parametry, jeZ mliZou
byt ovlivnény rychlosti ristu dievin. Zavislost mezi hustotou dfeva a mechanickymi
vlastnostmi je slozit&jsi, protoZe pevnost dieva zavisi nejen na mnozstvi dievni hmoty
v objemové¢ jednotce, ale také na piitomnosti odchylek od standardni struktury dieva
(Pozgaj et al. 1993). Otazkou vlivu hustoty v dasledku zmény rychlosti rastu
na mechanické vlastnosti dfeva jehli¢natych a listnatych dfevin se zabyval Zhang (1995).
Prokazal, Ze v ptipad¢ jehlicnatého dieva se obecné mechanické vlastnosti vyrazné snizuji
se snizujici se hustotou. U nékterych druht jehlicnatého dieva jsou mechanické vlastnosti

mén¢ ovlivnéné vlivem snizené hustoty. Ve srovnani se studovanym dievem listnatych
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dfev jsou fyzikélné-mechanické vlastnosti studovaného dfeva pozoruhodné méné
ovlivnény. U druht roztrousené porovitého dieva listnatych dfevin ma rychlost ristu
obecné velmi maly vliv jak na hustotu, tak na mechanické vlastnosti. U kruhovité
porovitého dreva listnatych dievin se zda, ze fyzikalné-mechanické vlastnosti s rychlosti
rustu neklesaji a u nékterych druhi dokonce maji tendenci se zvySovat. Vlastnosti
pevnosti a tuhosti dieva jsou velmi zavislé také na obsahu vlhkosti. BS EN 1995-1-
1:2004+A2:2014, c¢ast Eurokodu 5 (ECS), kategorizoval obsah vlhkosti do tii tfid
kategorii pro dievéné prvky. Prvni kategorie se vztahuje na obsah vlhkosti mensi nez 12
%, druha kategorie je charakterizovana obsahem vlhkosti od 12 % do 20 %. Kategorie
3 se vztahuje pro obsah vlhkosti nad 20 %. SniZeni obsahu vlhkosti vede k vys$im
hodnotdm modulu pruznosti dieva. Tuhost v ohybu (EI) je vSak témét neovlivnéna
klesajicim obsahem vlhkosti. To je pfimy disledek snizeného druhého momentu plochy,
ktery je funkci smrsténi prufezu po suSeni (Madsen 1992). Zavislost modulu pruznosti na

vlhkosti a hustot¢ je mozné vidét na obrazku 6.

Obr. 6 Model zavislosti modulu pruZnosti na hustoté a vlhkosti (PoZgaj et al. 1993).

Charakteristiky pevnosti v tahu jsou méné ovlivnény kolisanim vlhkosti
nez charakteristiky pevnosti v tlaku (obrazek 7). Celkove neni tahova pevnost dieva pii
riznych obsazich vlhkosti ovlivnéna. Pevnost v tlaku vSak dramaticky klesa v zavislosti
na zvySovani obsahu vlhkosti (Madsen 1992, Pozgaj et al.1993). VéEtsi objemy dreva
obsahuji vice defektli nez mensi objemy a vlastnosti se mohou liSit podle rozmért
materidlu. Zejména tahova pevnost dieva bude klesat v zavislosti na rostouci délce (Green

et al. 1999).
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Obr. 7 Tlakova a tahova pevnost jako funkce rizné irovné obsahu vlhkosti (Madsen

1992)

Negativnimu ucinku defekti a kolisani vlhkosti Ize celit vyrobou dievénych
kompozitl, které snizuji vlastni heterogenitu dievénych prvka. Toho je ¢asto dosazeno
lepenim a laminovanim dfeva. Jednd se o kompozitni materidly komeréné dostupné

jako vrstvené fezivo a lepené vrstvené dievo (Alam 2004).

3.2.3 Zména struktury dieva zhuS§t'ovanim a jeho vyvoj

Proces zhuStovani masivniho dieva nelze v zddném piipad€ povazovat za novou
metodu modifikace dieva. Je podloZeno, ze v prvni ¢tvrtin€ 20. stoleti bylo ve Spojenych
statech americkych vydano mnozZstvi patentli zabyvajici se zhuStovanim dieva (Kutnar et
al. 2015, Blomberg 2006, Sandberg ef al. 2013, Neyses 2016). Prvni vyskyt na trhu takto
upraven¢ho masivniho dfeva s obchodnim ndzvem ,,Lignostone* se datuje do roku 1930
(Neyses 2016). Jednalo se v podstaté o difevo zhusténo v hydraulickém lisu pfi teploté
140 °C pii tlaku 25 MPa (Kollmann 1936). V tabulce 3 je mozné vidét stu¢né popisy
prvnich metod zhustovani dieva s definovanymi parametry samotné¢ho zhustovani

(vstupni vlhkost dfeva, tlak a teplota samotného lisovani).

Tab. 3 Historicky vyuZivané metody zhustovani dieva podle Blomberg 2006

Vihkost Tlak Teplota

Nazev metody 1%] [MPa] °cj Popis metody
Lignostone (1940) 10 Zvysena Biaxialni zhusténi ohfatého dieva
Staypak (1948) 6-12 13,8 160-180 Zhusténi tenkych dyh, lepené
Compreg (195 | 8 85 lag-1sp  Zhsténd dibin it poymerizouang fenol
Impreg (1943) Stejny jako Compreg, ale bez stlaceni
Lignofol (1940) 3-8 34 Zvysena Stejny jako Compreg
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V prvnim vyzkumnym ptispévku zabyvajici se problematikou zhustovani dieva
bylo provadéno zhustovani biezové dyhy pfi tlaku v rozmezi od 10 do 17 MPa
s vyslednou hustotou az 1 300 kg.m™. Podminky pii zhustovani byly nastaveny tak, aby
byla dievni hmota dostate¢né plastifikovana (Seborg et al. 1945). Cilem takto
modifikovaného dfeva bylo vyrazné zvyseni mechanickych vlastnosti, coz by umoznilo
pouziti ve vysoce namahanych aplikacich. Nicméné velkou nevyhodou takto
modifikovaného dieva byla nizka rozmérova stabilita v piipadé vystaveni vlhkosti.

V prubéhu nasledujicich desetileti ptfibyvalo vyzkumnych studii zabyvajicich
se problematikou zhuStovani dieva se zvlaStnim zaméfenim na vhodnou volbu
technologickych parametrii umoznujici eliminaci nizké rozmérové stability zplisobené
odpruzenim dfevnich bunék tzv. ,,spring-back® efekt a vlhkosti zptisobenou regeneraci
zhusténych dfevnich bunék. Kollman et al. (1975) pfisli na metodu eliminace zpétného
odpruzeni zhusténych dievnich bunck ochlazenim zhuSténého materialu teplotou pod
100°C. Dal$imi metodami zvySeni rozmérové stability zhusténého dieva se zabyvali
Inoue et al. 1993 a Dwianto et al. 1997, kteti se snazili eliminovat regeneraci zhusténych
dfevnich bun¢k vystavenim pare pii 180 °C v uzavieném v lisovacim systému, ve kterém

byla kontrolovana teplota, vlhkost a tlak.

3.2.4 Zakladni principy zhusStovani struktury dfeva

24

Dtfevo lze zhustovat v rozdilnych smérech, bud’ v podélném, nebo pii€ném
Z hlediska vyuzitelnosti v aplikaci vrstveného dieva tato disertacni prace fesi v ramci
modifikaci dfeva jeho pfi€né zhuStovani. Pfi€né zhuStovani lze rozdélit dale na

zhus$tovani v radialnim nebo tangencidlnim sméru (obrazek 8).

Obr. 8 Schematické znazornéni radialniho a tangencialniho zhust'ovani

Z hlediska zhustovani dfeva je nutné brat v potaz interakce mezi teplotou

a vlhkosti dfeva za tucelem vytvofeni vhodnych podminek pro proces zhustovani
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z hlediska deformace bunék. Na obrazku 9 jsou izolované zachyceny teploty skelného
pfechodu tii hlavnich slozek dieva v zavislosti na obsahu vlhkosti ve dieveé. Tyto
tfi slozky dfeva jsou chemicky spojeny, z toho divodu se z hlediska spravné deformace
bun¢k musi dbat na to, aby byla chemicka matrice dieva v plastickém stavu (Neyses

2016).

Obr. 9 Teploty skelného pi‘echodu pro zakladni chemické komponenty dfeva (prevzato z

Neyses 2016)

Z hlediska samotného zhusténi je nutno dbat na zpétné odpruzeni bunék ve snaze
o navrat ke svému piivodnimu tvaru a rozméram. Po zhusténi dfeva je nutné bunky dreva
klimatizovat pii zatizeni za ucelem stabilizace rozmérid. Timto krokem ovSem nelze
zabranit ,,spring-back‘ efektu po odstranéni zatiZzeni uzitého pro zhusténi kdy se projevuji
elastické vlastnosti dieva. V pfipadé dostatecné re-plastifikace zhuSténého dreva bez
pfitomnosti zatéZze miiZze dojit k témét Uplnému navraceni bun€k zhusténého dreva do
puvodniho stavu. Tomuto jevu je mozné se vyhnout vyuzitim vhodné dodate¢né uprave.

V ptipadé celkového zhusténi dievénych prvki je nutné urcit kompresni pomér
urceny zhuSténou tloustkou k pocatecni tloust'ce zhustovaného dievéného prvku. Jelikoz
se jedna o rovnomeérné zhusténi v celém prifezu dievéného prvku a hustotni profil by mél
byt rovnomérny, je mozné aplikovat kompresni pomér na rozdil od povrchového
zhusténi. Pfi povrchovém zhuStovani by doslo ke zvySeni hustoty povrchovych oblasti
az na dvounasobnou hodnotu ptivodni hustoty, ov§em pii mensi zméné tloustky (Neyses

2016).

3.2.5 Metody zhustovani dieva

Ackoliv je zhustovani pomérné dlouhou dobu zndma metoda modifikace dieva,
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vetsi védecké pozornosti se ji dostalo az v prubehu poslednich let s diirazem na vyvoj
novych metod zhustovéani. VétSina vyzkumnych tymi se zaméfila na vyvoj termo
mechanické, nebo termo-hydro mechanické metody modifikace zhustovanim. Zhusténi
dfeva se pouziva, k dosazeni trvalé deformace bunc¢k, ktera mé za nasledek zvySeni
hustoty celého nebo casti objemu zhuSténého materidlu. Obecné je hlavnim cilem
zhusténi dieva zvysit jeho tvrdost a odolnost proti odéru povrchu a v nékterych ptipadech
také zvysit jeho pevnost a tuhost. Zhustovaci proces se obvykle provadi v lisu za horka,
popiipad¢ hybridnim zplsobem za ucelem povrchového zhusténi (obrazek 10). Tento
proces muzeme rozdélit na termomechanické nebo termo-hydro mechanické.
Termomechanické zhustovani se provadi v otevieném systému s kombinaci tepla a tlaku,
ale bez kontroly vlhkosti prostfedi. V piipad¢ termo-hydro mechanického procesu je
zhu$tovani provadi uzavieném systému za podminek regulované atmosféry (Sandberg et

al. 2013, Neyses 2016).

Obr. 10 Schematické znazornéni celo objemového zhust'ovani a povrchového

zhust’ovani (prevzato z Neyses 2016)

Rozdilem mezi vySe zminénymi typy zhuStovéni je rozdilny hustotni profil.
V ptipadé celoobjemového zhusténi se hustotni profil jevi stejné jako u nezhusténého
dieva, ale v ptipad¢ povrchového zhusténi je evidentni vykyv hustoty v povrchovych
vrstvach zhustovaného dieva (obrazek 11). V obou piipadech zhustovani dochazi
ke zvySeni modulu pruznosti a meze pevnosti, které umoziiuji potencidlni vyuziti

v oblasti dfevatského primyslu (Kutnar et al. 2008).
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Obr. 11 Zména hustotniho profilu v disledku celo objemového a povrchového

zhust’ovani (prevzato z Neyses 2016)

3.2.5.1 Termo mechanické zhust'ovani

Technologickymi parametry termomechanické metody v otevieném systému
zhuStovani dfeva s diirazem na zmé&nu mechanickych vlastnosti se zabyvali Ulker et al.
(2012). Zvyseni mechanickych vlastnosti pramenilo ze snizeni poméru lumend pfi
procesu zhustovani, coz také vedlo ke zvySeni prvkll bunécné stény, které maji nosné
vlastnosti na jednotku objemu. ZvySenim teploty zhusténi se snizovaly pevnostni
vlastnosti. Pokles hodnot pevnosti byl vysvétlen zvySenim chemické degradace se
zvySenim teploty. Nejvhodnéjsi teplotni trovenn byla 120 °C pro vyssi ohybovou,
sttthovou a pevnost v tlaku a 140 °C pro vyssi radidlni a tangencialni tvrdost pfi
zhust'ovani borovice. Po zhusténi bylo dosazeno 42% zvySeni pevnosti v ohybu, 20% ve
smykové pevnosti, 47% v pevnosti v tlaku, 242% v radialni tvrdosti a 268%

v tangencialni tvrdosti.

Utinky termomechanického zhuitovanim se zabyvali Bekhta et al. (2017).
Experiment byl provadén na Siroké Skale dyh s nizkym obsahem vlhkosti (~ 5 %). Jednalo
se o dyhy z olSe, buku, btizy a borovice (~ 5 %). Dyhové desky byly zhustény za pouziti
tlakt 4, 8 a 12 MPa pii teplotach: 100 °C, 150 °C a 200 °C po dobu 4 minut. Vysledky
byly porovnany s vysledky u nezhusténych dyh. Ziskané vysledky ukazovaly, Ze zhusSténi
dyh termomechanickym procesem zplsobuje nevratné zmeény jejich vlastnosti. Bylo
zjisténo, Ze rovnoméerné zhusténi dyh termomechanickym procesem poskytuje stabilni
vlastnosti za normalnich podminek atmosféry, coz je dilezit¢ pro potencionalni
primyslové aplikace.

Pelit et al. (2015) zkoumali u¢inky termomechanického zhusténi s naslednym
tepelnym zpracovanim na hustotu a Brinellovu tvrdost borovice lesni (Pinus sylvestris L.)

a vychodniho buku (Fagus orientalis L.) Zhusténi probihalo pti kompresnich pomérech
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20 a 40 % a pfi teploté 110 °C a 150 °C. Po zhusténi bylo aplikovano tepelné zpracovani
pfi 3 ruznych teplotich. K urceni, zda ke zménam doslo z divodu technologickych
vlastnosti, byly provedeny zkousky tvrdosti podle Brinella. Hustota borovice a buku byla
zvySena od 35 % do 42 %. Po zhuStovacim procesu bylo dosazeno zvySeni hodnot
radialni a tangencialni tvrdosti. Bylo pozorovdno snizeni hodnot hustoty a tvrdosti
zhuStovaného dieva z diivodu zvyseni teploty béhem tepelného zpracovani. Po tepelném
zpracovani doslo k 4% a 5% snizeni ptisluSnych hodnot hustot borovice a buku a snizeni

jejich radialni a tangencialni tvrdosti.

3.2.5.2 Termo-hydro mechanické zhuStovani

Jednim z prvnich vyzkumnych tymi zabyvajicich se termo-hydro mechanickym
zhustovanim byl tym z EPFL Lausanne ve Svycarsku, které vedl Parviz Navi. Publikovali
nékolik publikaci zabyvajici se termo-hydro mechanickym procesem zhust'ovani. Jejich
metoda spoc¢ivala v kombinaci tepla, nasycené pary a tlaku v uzavieném systému (Navi
et al. 1997, Navi a Sandberg, 2012). Tento postup lze rozdélit do 4 stupiii. Prvnim
stupném je plastifikace, kdy je dievo vystaveno zvysené teploté kolem 160 °C v nasycené
pate. Druhym stupném je samotné zhust'ovani ve stejnych podminkach jako v prvnim
stupni procesu. V nasledném stupni zhuStovani se vykonavano oSetfeni po zhust'ovani,
kdy lis ziistava ve stejné poloze a teplota se zvySuje, zatimco podminky nasycené pary
jsou udrzovany po dobu néckolika minut. V kone¢ném stupni nastavd ochlazeni

zhus$tovaného dieva na teplotu 60 °C a poté otevieni lisu.

Vyzkumna skupina vedend Frederickem Kamkem ziskala patent na viskoelastické
tepelné zhusténi (Kamke a Sizemore 2004). Viskoelastické tepelné zhusténi je podobny
proces jako v pfipadé termo-hydro mechanického procesu, protoze ke zhusténi dieva
pouzivd kombinaci tepla, pary a tlaku. V prvnim kroku difevo piekracuje svou teplotu
skelného prechodu pii zvySenych teplotach a vlhkosti, poté se dievo dale plastifikuje
vyvolanim rychlé dekomprese par a odstranénim vazané vody z bunécné stény. Krok
dekomprese par je rozhodujici pro UspéSnou plastifikaci dievénych bunck a spoléha
se na rychly pohyb vody z bunééné stény. K dosaZeni optimalniho zmék&ovaciho €inku
je tteba dobfe nacasovat proces a sled krokll. Dfevo je stlaceno v tomto zmeékéeném stavu.

Poté nasleduje faze stabilizace a chlazeni pfed otevienim lisovaciho zafizeni.

Odlisny zpiisob byl zvolen kolektivem Pizzi et al. (2005), kdy plastifikace
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povrchovych vrstev bylo dosazeno tfenim dvou kust dfeva proti sobé za nizkého tlaku.
Svareni obou kust k sobé bylo zabranéno vyuzitim vrstvy slune¢nicového oleje, kdyz
se kusy pohybovaly vii¢i sobé po dobu 8 az 14 sekund za nizkého tlaku, vzniklo tfeni
plastifikovany, pohyb vytvafejici tfeni byl zastaven a byla pouzita dalsi tlakova sila, aby
se dosahlo skutecné zhusténi. Tlak byl udrzovan, dokud nebylo dfevo ochlazeno pod 100

°C.

3.2.6 Mechanické vlastnosti zhus§téného dieva

Zhustovani ovlivituje Sirokou Skalu mechanickych vlastnosti dieva, nicméné
nejvice ovlivnénymi statickymi mechanickymi vlastnostmi zhu$téného drfeva
je v zévislosti na zméné hustoty tvrdost, modul pruznost a pevnost v ohybu. Zaméteni
na oblast ohybani zhusténého dreva lze pozorovat prakticky u vSech vyzkumnych tymu
zabyvajicich se zhustovanim dieva.

Efekt ptficného zhustovani dieva s vyuzitim PF pryskyfic na zmény hustoty,
modulu pruznosti a pevnosti v ohybu byl zaznamenan kolektivem Yano et al. (1997), kdy
bylo dosazeno az dvojnasobného zvyseni jak v modulu pruznosti, tak v pevnosti v ohybu.
Tento vyzkumny tym v prabéhu dalsich let publikoval n¢kolik publikaci (Navi a Giradet
2000, Heger et al. 2004, Shams et al. 2006, Kutnar et al. 2008, Pafil ef al. 2013, Rautkari
et al. 2013, Laine et al. 2016, Kariz et al. 2017, Song et al. 2018), v nichz tento proces
zhuStovani vylepSili a dosahli je§té¢ vyraznéjSiho zvySeni mechanickych vlastnosti.
Moznost aZ desetindsobného zvySeni smykové pevnosti ve sméru vlaken byla zkoumana
pii vyuZziti termo-hydro mechanické modifikace, kde dfevo bylo zhust'ovano v atmosféte
nasycené pary pii zvySené teploté po dobu cca 30 min (Navi a Giradet 2000, Heger et al.
2004, Shams et al. 2006). Ve vSeobecnosti je mozné fict, Ze modul pruznosti a pevnost
v ohybu se zvysuje s nartistem hustoty (Kutnar ez al. 2008). Od zacatku roku 2010 skupina
z Mendelovy univerzity v Ceské republice, ¢asto spolupracujici s védci z univerzity
Sopron v Mad’arsku, zvefejnila nckolik studii o bukovém difevu plastifikovaném
amoniakem pied zhuSténim produkt zvany Lignamon. Ve srovnani s termo-hydro
mechanicky zhuSténym bukem vykazoval Lignamon vy$si modul pruznosti, zatimco mez

pevnosti zlstala zhruba stejna (Pafil ef al. 2013).

Vliv zhusténi v otevieném systému (termomechanickou metodou) na mechanické

vlastnosti byly studovany hlavn¢ Rautkariho skupinou na Aalto University a nékolika
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dal$imi, mén¢ aktivnimi skupinami po celém svété. Skupina vedend Lauri Rautkari
se zam¢fila hlavné na Brinellovu tvrdost a méné na dalsi mechanické vlastnosti, pfi jejich
vyzkumu bylo zaznamenano dvojndsobné zvyseni tvrdosti podle Brinella po zhuSténi
borovice o tloust’ce 22, 20 a 18 mm na cilovou tloustku 15 mm (Rautkari et al. 2013).
To ukézalo, ze tvrdost je téméf vyhradné ovlivnéna hustotou povrchové vrstvy, pokud
je zhusténa plocha dostateéné silnd. Nasledné hydro-termické oSetfeni vedlo ke ztraté
hmotnosti, ale neovlivnilo hustotu ani tvrdost. Studie smrku se stejnou metodou vedla
k mirné niz§imu zvySeni tvrdosti a zvySeni modulu pruZznosti a pevnost v ohybu nebylo
umérné zvysSeni hustoty (Kariz et al. 2017). Ve studii celoobjemového zhusténi
s vyuzitim v podstat¢ stejné metody — za pouziti horkého lisu pii teplote 150 °C se zjistil
nartst tvrdosti imérny zvyseni hustoty (Laine ef al. 2016). Tepelné dodatecné oSetfeni

op¢t nemélo Skodlivy ucinek na tvrdost.

Novou metodou celoobjemového zhuStovani za ucelem dosaZeni vysoce
vykonného konstrukéniho materidlu se velmi podrobné zabyvali Song et al. 2018.
Kolektiv poukazal na to ze, pii zhust'ovani s predupravou parou, teplem, amoniakem nebo
valcovanim za studena dochézi k netiplnému zhusténi a nedostateéné rozmérové stabilité
v reakci na vlhké prostfedi. Pfi aplikaci jejich metody zhuStovani je mozné dosaZeni
zvyseni pevnosti aZ desetinasobné. Diky ¢aste€nému odstranéni ligninu pomoci vafeni ve
smési NaOH a Na;SOs s naslednym lisovanim za horka az do bodu uplného zhrouceni
bun¢k (obrazek 12). Timto postupem bylo mozné vytvoreni materidlu s vysi specifickou
pevnosti nez v piipad€ vétSiny strukturdlnich kovil a slitin. Dfevo upravenou touto
metodou se vykazuje az 11,5ndsobnou pevnosti v tahu v porovnani s neupravenym
nativnim dfevem. V piipad¢ elastické tuhosti byl pozorovan az deseti nasobny nardst
hodnot. Pii razové zkousce Charpyho kladivem byl pozorovan az osminasobny nartst
hodnot vzhledem nativnimu dievu. V pfipadé ohybové pevnosti Ize vidét nartist hodnot

v rozsahu od 6 do 18nasobku (Song et al. 2018).

Obr. 12 Snimek ze skenovaciho elektronového mikroskopu a) (SEM) pri¢ného iezu vzorku

rostlého di‘eva b) SEM analyza zhu$téného dieva v pii¢né roviné (Song ef al. 2018).
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Vytvéfeni laminovanych kompozitl se zesilenou jadrovou vrstvou a zhusténymi
vrstvami vedlo ke zvySeni modulu pruznosti a meze pevnosti ve srovnani s nezhusténym
difevem, ale v tomto pfipadé¢ s konstantou proporcionality mensi nez 1 ve vztahu
ke zvySeni hustoty povrchové vrstvy. Pod nasycenou parou byl narGst hodnot imérny
zvyseni hustoty, ale za podminek piehfaté pary byl nartst mensi (Kutnar a Kamke 2012a).
Nasledné osetfeni nasycenou parou pii 200 °C po dobu 13 minut nevedlo ke zhorSeni
ohybovych vlastnosti zhutnéného dfeva (Kutnar a Kamke 2012b). Vyzkumem
zabyvajicim se vlivem zhusténi valcovanim jednotlivych dyh ve struktufe vrstveného
dfeva se zabyvali Gaff a Gasparik (2015). Jejich vysledky ukazuji, ze vrstvené dievo
tvofené¢ zhuSténymi a nezhusténymi dyhami, piipadne¢ s PVC f6lii, dosahlo vysSich
hodnot pevnosti v ohybu ve srovnéni s tradi¢nim sloZenim sestavajicim z nezhusSténych

dyh. Zhustovéani mélo silny vliv na pevnost v ohybu.

Pro stru¢né shrnuti otazky vlivu zhusSténi dfeva na mechanické vlastnosti lze fict,
ze obecné dochazi ke zvyseni mechanickych vlastnosti umérné se zménou hustoty vlivem
zhusténi. Pfi porovnani riznych metod zhustovani je nutno konstatovat, Zze zhustovanim
v uzavieném systému lze dosdhnout patrnéjSich zlepSeni mechanickych vlastnosti.
V ptipadé povrchového zhusténi je vztah mezi profilem hustoty a nartistem modulu
pruznosti a mezi pevnosti méné jasny a nckolik studii uvadi méné tmérné zvyseni
mechanickych vlastnosti vzhledem k hustoté. Pfi vyuziti zhusténych difevénych prvki
ve vrstvovité struktufe je také mozné pozitivn€ ovlivnit mechanické vlastnosti vrstvenych

materiala.
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4 Vrstveni dieva a nedirevnich komponentii

O kompozitech se obvykle uvazuje, jako o dvoufdzovém systému, kde jsou
jednotlivé prvky propojené pojivem, dievéné kompozity jsou vSak vicefdzové systémy,
kde je potieba pocitat s vlhkosti, pfitomnosti dutin a aditiv. Popisy riznych prvkl této
skupiny zdiraziuji jejich sloZzeny charakter (Bodig a Jayne 1982). Vrstvené kompozitni

materidly na bazi dieva lze kategorizovat do 5 zékladnich skupin, viz tabulka 4.

Tab. 4 Kategorizace vrstvenych kompozitnich materiali na bazi dieva

1) Paralelné vrstvené - Lepené vrstvené drevo
- Vrstvené dyhy
2) Kfrizové vrstvené - Preklizované materialy

- Dyhované desky s orientovanymi triskami
3) Vyztuzené dievo
4) Sendvicové panely

5) Mechanicky spojené laminaty

4.1 Lepené vrstvené drevo

V této disertatni praci bylo feSeno paralelni vrstveni s naslednou aplikaci
vyztuzujicitho prvku. Paralelné vrstvené kompozitni materidly na bazi dieva dosahuji
vlastnosti podobnych rostlému dfevu. Vrstvenim dfeva je snaha o dosaZeni zlepSeni
makroskopickych ukazateli dfeva vzhledem k rostlému dfevu. Vrstvenim dfeva
dosahujeme stejnych Casto zlepSenych vlastnosti v zatéZovani, s vrstvenim je také spojeno
zvyseni rozmérove stability. Vrstvené kompozitni materidly se vykazuji Sirokou Skalou
vyuZiti od stavebnictvi aZ po nabytkové komponenty vzhledem ke tlouSt’ce jednotlivych
vrstev, coZz ma vliv z hlediska jak statického tak dynamického namahni téchto materialti
v ohybu. Je potieba také rozliSovat kratkodobé a dlouhodobé zatizeni z hlediska pruzné
a plastické oblasti namédhani. Dfevo se ve své pfirodni podob& vyznacuje vyskytem
odchylek od struktury dfeva, jez zvySuji jeho heterogenitu a sniZuji nosnou kapacitu
nosniku. Rozfiznutim toho nosniku na tenké vrstvy (lamely) a jeho naslednym slepenim
s nahodnym uspotfadanim odchylek 1ze dosahnout nosnik s vys$$i pevnosti nicméné
ne nutn€ se zvySenou tuhosti. Uspofadanim lamel tak, aby lamely s vyS§im poctem
odchylek byly ve stfedové ¢asti nosniku, 1ze zlepsit jeho vlastnosti. MozZnosti, jak jeste

vyraznéji zlepsit vlastnosti vrstveného nosniku, je odstranéni vSech vad a nasledné vrstvit
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spojované lamely. Nejvyssiho zlepSeni 1ze dosahnout kombinovanim vrstveného dieva s

prvkem se zvySenou pevnosti a tuhosti (Bodig a Jayne 1982).

Distribuce pevnosti lepeného vrstveného dieva je proto uzsi a vyssi nez distribuce
u masivniho dieva. Hodnota patého percentilu, ktera se pouziva k navrhovani dfevénych

konstrukci, se posune doprava, stejn¢ jako primérna hodnota pevnosti (obrazek 13).

Obr. 13 Distribuce pevnosti lepeného vrstveného dieva (1) porovnané s distribuci

pevnosti rostlého dieva (2) pievzato z Carling 2001

4.1.1 Delaminace vrstvenych materiali na bazi direva

Pod pojmem delaminace rozumime oddé€leni jednotlivych vrstev v laminatech
na bazi dieva z divodi selhani lepidla bud'to pfimo v lepidlu nebo na rozhrani mezi
lepidlem a lepenym prvkem (Bucur 2014). Delaminace se tyka strukturdlnich vrstvenych
produktli zahrnujici kompozity na bazi dieva, jako je naptiklad vrstvené drevo, lepené
vrstvené difevo a lepené vrstvené dievo vyztuzené vysoko pevnostnimi polymernimi
vlakny. Kritériem klasifikace delaminace je poloha delaminace v prifezu prvku, jako
napftiklad: vnitini delaminace (14a), delaminace v blizkosti povrchu (14b) a delaminace,
které zplsobuji vicendsobné poruSeni lepenych prvki (14c). Rist delaminace mize
vyznamné ovlivnit pevnost, tuhost a stabilitu kompozitu. Vyskyt delaminace vyplyva z
mnoha zdroji, jako jsou vyrobni vady, poskozeni lepenych materidlti nebo poskozeni

mistnim narazem (Kim et al. 1997, Bucur 2014).
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a) b) c)
Obr. 14 Pozice delaminace ve vrstvenych kompozitnich materialech (Bolotin 1996), a)

vniti'ni delaminace, b) delaminace pobliZ povrchové vrstvy, ¢) multi-ndsobna delaminace

Vnitini delaminace je ozna¢ovana jako delaminace pozorovand za vzniku vnitini
praskliny a studovana pomoci lomové mechaniky. Vnitini delaminace muiZze byt
detekovéana jak u masivniho dieva, tak u kompoziti na bazi dieva v submikroskopickém,
mikroskopickém a makroskopickém métitku. Naptiklad: v masivnim dievu mezi stiedni
lamelou a ostatnimi vrstvami bunééné st€ény nebo mezi vrstvami S1 a S2 nebo mezi
vrstvami S3 a G, jak je Casto pozorovano u tlakového dfeva nebo tahového dieva.
V makroskopickém métitku dochédzi k delaminaci v roénim kruhu mezi zénami s riznymi
hustotami (Clair 2001, Bucur 2014). Delaminace v blizkosti povrchu je situovana tésné
u povrchu prvku a je vzdy doprovazena vzpiranim povrchového prvku, jako jsou puchyie
v pieklizce vzniklé v pribéhu vyrobniho procesu. Jeho riist je pozorovan jako mezi
lamindrni poskozeni. Delaminace, kterd zpiisobuje multindsobné praskani po celé
tloust’ce prvku, bez oddé€leni vrstev, je typickd u masivniho dieva v pribéhu vysychani.
U vlaknitych kompozitl je tato vada velmi Casta a je zpusobend nejcastéji béhem
vyrobniho procesu indukovana tepelnymi faktory. U konstrukénich vrstvenych materialt
na bazi dfeva lze pozorovat multindsobné praskliny u LVL nebo v GLULAMU,
pouzivanych ve stavebnictvi. Lokalni nestabilita a rist trhlin v lepeném vrstveném dieve
muze zpusobit globalni nestabilitu velkych konstrukénich prvka, které v extrémnich
ptipadech mohou dokonce vést k selhani celé struktury (Bolotin 1996, Reiter et al. 2002,
Bucur 2014). Pfi namahani lepenych nosnikti jsou z hlediska normalovych napéti jako
kritické body oznaCovany povrchové vrstvy nosniku, kde dochdzi k nejvy$Sim
normalovym tahovym a tlakovym napétim (obrazek 15). Nicméné z hlediska delaminace
jsou kritické lepené spary, kde je velmi dulezit¢é smykové napéti. Za ptredpokladu
obdélnikového prifezu je smykové napéti parabolické podél vysky nosniku, s nejvyssim

smykovym napétim v neutralni ose (Babiak et al. 2018), viz obrazek 15.
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Obr. 15 RozloZeni normalovych a smykovych napéti po vySce lepeného nosniku
Klicovym faktorem z hlediska delaminace u vrstvenych materidlti je rozlozeni

napé¢ti aplikace vhodného adhezivniho systému.

4.1.2 Adheziva vyuzivana pfi tvorbé vrstvenych materialii na bazi dreva

Lepidla jsou nekovové materidly, které se pouzivaji ke spojeni dvou nebo vice
soucasti dohromady pfitazlivymi (adhezivnimi a kohezivnimi) silami plsobicimi
ptes rozhrani (Belgacem a Pizzi 2016). Jednim z hlavnich ryst vSech lepidel je relativné
malé mnozstvi potfebné k vytvoreni spoje mezi dvéma spojovanymi materidly ve
srovnani s hmotnosti finalniho produktu. Vybér typu a formy lepidla zavisi na povaze
adherentli, pozadavcich na kone¢né pouziti a na procesech lepeni (Pizzi 1989). Pro
dfevéné kompozity se pouziva fada riiznych lepidel. Mezi nimi termosetova lepidla
zaloZena na pouZiti formaldehydovych pryskyfic ziskanych polykondenzaci dominovala
v dfevozpracujicim pramyslu po mnoho let. V dfevozpracujicim primyslu se vyuzivaji
lepidla na bazi formaldehydu, ktera dnes stale predstavuji vétSinu z lepidel vyuZivanych
pfi lepeni kompoziti na bazi dfeva, a dalSich produktl, jako jsou akrylatové a
polyvinylacetatova lepidla, které jsou v dfevozpracujicim praimyslu osvédcenymi lepidly
jiz dlouhou dobu, jakoZ 1 na novéjsi produkty, které byly v tomto primyslu neddvno
pfijaty relativné rychle, jako jsou izokyanatové a jednoslozkova polyuretanova lepidla

atd. (Belgacem a Pizzi 2016).

Pokud ma byt lepidlo pouzito k lepeni dfeva na dievo, musi byt zvaZzena vhodnost
difeva pro lepeni: pokud jde o tvrdé dfevo, je vyhodnéjsi PVAc nez v ptipadé¢ mékkého
dfeva. PVAc lepidla se vyuzivaji hlavné na dynamicky zatéZované prvky hlavné
z davodi jejich pruznosti (Pizzi 1989). PVAc lepidla se obecné nepouzivaji pro spoje,
které jsou pod stalym zatiZenim (v disledku termoplastického teceni za studena) nebo
vystavené vysoké teploté (ztraci soudrznost se zvySujici se teplotou) a vysoké vlhkosti,
nejsou ani strukturdlni, mohou byt upraveny tak, aby mély za téchto podminek lepsi
efektivitu. Pfidani malych podili soli chromu jako zesitovaciho ¢inidla je nejjednodussi

formou ze sitovaciho systému pro tato adheziva, i kdyz se casto pouzivaji i
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praktikovatelné komonomery (Belgacem a Pizzi 2016).

4.1.2.1 Charakteristika polyvinyl acetatovych (PVAc) adheziv

Polyvinyl acetidtova adheziva (PVAc) jsou stabilni suspenze/emulze ve vodé
polymeru vytvarejiciho film. Vyrab¢ji se emulzni polymeraci, mechanismem piidavani
volnych radikali k polymeraci monomeru v piitomnosti vody a stabilizatort. Jsou
to termoplastické polymery, které si v prubéhu let ziskaly Siroké piijeti jako
surovina lepidel na dievo. Modifikované nebo nemodifikované a jako homopolymery
nebo kopolymery vykazuji univerzalnost, diky které jsou velmi vhodné pro lepeni Siroké
Skaly materiall (Belgacem a Pizzi 2016). Hlavnimi vyhodami PV Ac jsou snadna a Siroka
aplikace, elasticita, odolnost proti starnuti, nizkd cena a dostupnost, odolnost proti
bakteridlnim a fungicidnim utokim a netoxicita. Hlavni nevyhody PV Ac lepidel je nizka
odolnost viéi povétrnostnim vlivim a vlhkosti, Spatnd odolnost vaci vétsing
rozpoustédel, pomalé vytvrzovani a rychlost tuhnuti a dotvarovani pii zvySené statické

zatézi (Kim et al. 2007, Sedivka et al. 2015).

4.1.2.2 Chemizmus polyvinyl acetatovych (PVAc) adheziv

Monomer vinylacetitu je primyslové polymerizovan radikdlovou emulzni
polymerizaci. Polymerizacni reakce je iniciovana volnymi radikaly vytvofenymi
rozpadem organickych hydroperoxidi nebo podobnych iniciatorti. Polymerizace je Cisté
exotermicky proces pfidanim, pfi némz nedochazi k eliminaci malych molekul. Spolu
s vodou, vinyl acetdtovym monomerem, peroxidem nebo hydroperoxidovymi iniciatory,
ko-monomery a vodou, pocatecni reakéni médium obsahuje stabiliza¢ni koloid nebo
povrchové aktivni latku, polyvinyl alkohol je nej€astéji pouzivany jako stabilizacni
koloid. V nékterych lepidlech je druhy monomer kopolymerovén s vinylacetditem, aby
se modifikovaly jeho vlastnosti. Obvykle se jedna o zmékceni polymeru nebo ke zlepsSeni
jeho odolnosti vici alkaliim (Pizzi 1989, Belgacem a Pizzi 2016). Jakykoli emulzni
polymer ve vlhkém stavu mé formu suspenze nespojitych ¢astic polymeru. Toto susSeni
musi odstranit vodu, aby se tyto Castice spojily dohromady, a tak vytvotily souvisly film
pfemost’ujici povrch, ktery mé byt spojen. Teplota, pii které se vytvaii souvisly film, ale
pod kterou se voda vypatii a zanecha prachovy depozit nepouzitelny pro lepeni, se nazyva
parametrem tohoto typu lepidel a je silné ovlivnéna teplotou skelné¢ho piechodu (Tg)

polymeru. Homopolymer PVAc mé Tg 28 °C. Kazdy polymer ma charakteristickou Tg
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vztahujici se k jeho flexibilité hlavniho fetézce a velikosti skupin postrannich fetézct.
Proto ma methylmethakrylat vyssi Tg nez methylakrylat, protoze mé nizsi flexibilitu
svého hlavniho fetézce. Existuje mnoho obycejnych latek, které se pouzivaji v PVAc,
jako je di-butylmaleat, methylmethakrylat a VeoVA 10, vSechny se obvykle pouzivaji
ke zvySeni tvrdosti polymeru a ke zméné¢ jeho minimélni teploty tvorby filmu.
Kopolymery vinylacetatu také ziskaly v poslednich desetiletich rostouci komeréni
vyznam. To je zpiusobeno uc¢innosti ethylenu pro zlepSeni pruznosti hlavniho
polymerniho fetézce, a tim se snizuje jeho minimalni teplota pro tvorbu filmu (Down et

al. 1996, Qiao a Easteal 2001, Belgacem a Pizzi 2016).

4.2 Vyztuzovani vrstvenych materiali

4.2.1 Vyztuzné nedievni prvky

4.2.1.1 Skelna vlakna

Skelné vldkna jsou nejpouzivanéjsi vyztuzi v kompozitech z polymerni matrice.
Skelné vlakno je vysledkem smichani pisku, kaolinu, vapence a colemanitu. Zména
podilu kazdé slozky vede k riznym druhtim sklenénych vldken (A, E, C, AR, S). Kazdy
z nich ma riizné pouziti a nasledné rizné vlastnosti. Smés se poté podrobi vysoké teplote
(1 600 °C), coz vede k tvorbé tekutého skla. Kapalina se nésledné nasava a chladi
souCasn¢ malymi otvory (pramér 5 az 24 pum). Extrudovana vlakna ziskand timto
zpiisobem se spoji do malych svazki. Takto spojené svazky se vyuZivaji pro vytvotené
skelné tkaniny. Velmi Casto se pouzivaji skelnd vldkna typu E kvili jejich dobrym
mechanickym vlastnostem a relativné nizkym nakladim (André 2007). Ptehled vlastnosti

nejpouzivanéjsich skelnych vldken lze vidét v tabulce 5.

Tab. 5 Vlastnosti zakladnich typi skelnych vlaken (André 2007)

Pevnost v tahu Modul Relativni Specifickd
[GPa] pruinosti En prodlouzeni hmotnost
[GPaj &l%] [g/cm’]
Skelni vidkna typu E ‘ 3,5 73,5 4,8 2,52
Skelni vidkna typu AR | 3,5 175 2 2,68
Skelnfvidkna typuS | 4,6 86,8 54 2,46
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4.2.1.2 Uhlikovéa vlédkna

Uhlikova vladkna se vyrab¢ji oxidaci, karbonizaci a grafitizaci pti vysoké teplote
z prekurzorovych materiali s vysokym obsahem uhliku. Nejcastéji pouzivan
je polyakrylonitril z divodu nejvyssich mechanickych vlastnosti uhlikovych vlaken.
Uhlikova vlakna maji primér mezi 5 a 15 um. Zménou teploty béhem grafitiza¢niho
procesu z 2 600 °C na 3 000 °C lze vyrobit vlakna s vysokou pevnosti nebo s vysokym
modulem pruznosti (Ogawa, 2000, Chung, 2017). Uhlikova vldkna jsou drazsi nez
sklenéna vlakna, ale maji také vyssi mechanické vlastnosti (tabulky 5-6). Jejich pouziti je
dlouhodobé omezeno na oblasti, jako je letectvi, ale v poslednich letech bylo rozsifeno
na dalsi aplikace. Pevnost v tahu a modul pruznosti jsou vSak stale pouze 7 % a 65 %
teoretickych odhadovanych hodnot, kterych by uhlikova vldkna mohla dosahnout.
Vlastnosti zakladnich typt uhlikovych vlaken lze vidét v tabulce 6.

Tab. 6 Vlastnosti zakladnich typi uhlikovych vlaken (SIKA s.r.o., 2020)

Pevnost v tahu Modul Relativni Specificka
[GPa] Pruinosti Em prodlouZeni hmotnost
[GPa] el[%] [g/em’]
Uhlikovd vidkna s vysokou 43-4.9 230-240 1.9-2.1 1.8
pevnosti
Uhlikova vidkna s vysokym 2,7-5,4 294-329 0,7-1,9 1,78-1,81
modulem pruznosti
Uhlikova vidkna s ultra 2,6-4 540640 0,4-0,8 1,91-2,12
vysokym modulem pruZnosti

4.3 Mechanické vlastnosti laminy a laminata

4.3.1 Elastické chovani laminy
Ortotropni laminaty jsou vrstvy s jedineCnymi a pfedvidatelnymi vlastnostmi
a sestavaji ze souboru vlaken leziciho v rovin€ drzené¢ho na misté¢ matici. Vrstva mize

byt slozena z kontinualnich nebo diskontinudlnich vlaken (obrazek 16).
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a) b)

Obr. 16 Typy znaceni laminy s kontinudlnimi (a) a diskontinualnimi vlakny (b)

V teorii laminovani se uzivad oznacovani m = cos (f) a n = sin (#), kde 6
je orientace vlakna v laminatu. Transformacni matice [7] (1) z lokélniho soufadného

systému (L-T) do globalniho soufadného systému (x-y), (2):

m? n? +2mn (1)
[T] =| n? m? —2mn ]
-mn +mn m?—n?
&L Ex oy, Oy 2)
el o efemle)
Yir Vxy orr Oxy

Zevseobecnéni Hookova zékona pro kontinudlni vldknité kompozity v lokalnim

soutfadnicovém systému (L-T) lze vidét na vzorci (3):

{e}r = [SHo}ir a {o}ir = [Ql{e}Lr, (3)

kde [S] je matici shody. [S]=[Q]~!, kde [Q] je matice tuhosti pro ortotropni
materialy (4, 5):
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E; virEr 1 “4)
|

[Q] = vprEr Er 0
1-vgvr, 1—=vgvp
0 0 Gyl
L v ] )
E} Er
51 = Yr i 0
E, Er
0 0 Gyl

Obecny Hookiiv zdkon v globdlnim soufadnicovém systému je stejny, s tim

rozdilem, Ze [S] je nahrazen [S].(6):

[S] = [T]"[S][T] (6)

Vyuzitim technickych konstant laminatu lze vyjadrit [S] (7):

1 Vxy My (7
E, E.  E
N I ) D )
SI=\"% & TE|'™ .G,
m, m,, 1
EL EL ny .

4.3.2 Mechanika vrstvenych kompoziti

Laminarni teorie je popsana v praci Nettles (1994) a vychazi z nékolika
predpokladii. Prvnim ptedpokladem je, Ze tlouStka laminatu je velmi nizkd vzhledem
k ostatnim rozmérim materidlu. Dal$im pfedpokladem této teorie je, Ze jednotlivé vrstvy
laminatu jsou perfektné spojené. Tretim piedpokladem je, Ze kolmice k povrchu laminatu
zlstavaji rovné a kolmé 1 po deformaci. Dal$im pfedpokladem je, Ze jak jednotlivé laminy
tak lamindt jako celek jsou linearn¢ elastické. Uvedené ptredpoklady plati, pokud neni

laminat poskozen a je vystaven malym prahybtm.

4.3.2.1 Nap¢éti a deformace

Je potieba rozliSovat osové a momentové namahani, niZze popsana teorie plati pro
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obecné vrstvené materidly. Podle teorie (Nettles 1994) deformace desky ve sméru x je
oznacena jako u. Pro smér y je deformace oznacena jako v a pro smér z jako w. Obrazek

17 ukazuje tyto deformace. Napéti 1ze tedy definovat jako:

c)

Obr. 17 a) Normalové deformace, b) Smykové deformace, ¢) Ohybové deformace, prevzato

z Nettles 1994

def au def av def au a” (8)
Exzax ’ Ey:a_yryxy:(a‘ka)
V ptipadé ohybu desky Ize sklon vyjadtit jako:
0
-~ podél sméru x ©)
Oy

—~ podél sméruy
Oy

Celkova deformace v rovin¢ v kterémkoli bod¢ desky je soucet normalovych
deformaci spolu s deformacemi zplsobenymi ohybanim. Oznaceni deformace stfedni
roviny desky pro smér x a y jako u, respektive v, jsou zobrazeny na obrazku 18, z ¢ehoz

1ze odvodit celkovou deformaci.

0, Ow (10)
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Obr. 18 Totilni posunuti ohybem pievzato z Nettles 1994

Pro obrazek 18 plati, Ze x mize byt nahrazeno y (tzn. pohled, miize byt z libovolné
strany desky). Pfedpoklada se, ze ve sméru tloustky nedochédzi k zddnému namahdani,

pouze k deformacim.

Rovnice 8 a 9 1ze vyjadrit v maticovém stavu jako:

&y &2 K, (11)
Ey = 839 +z Ky
Vxy Egy ny

Na obrazku 19 je vidét, ze zakiiveni desky Ky nebo K, je mira zmény sklonu
ohybane¢ desky ve sméru x nebo y. Zakfiveni desky Ky, je velikost ohybu ve sméru

x podél osy y.

a
5.V bodé Y

Oy
oY bodé Y,

Oy
v bodé& X,

a
37V bodé X

E e
X4 X3 X Y, Y y
. . . a4, FE
Mira zmény sklonu podél osy x = 7 = K- Mira zmény sklonu podél osy y = ﬁ =Ky

Obr. 19 Definice zakfiveni desky prevzato z Nettles 1994

Napéti v kazdé vrstvé laminatu lze tedy vyjadiit v maticovém stavu pomoci
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rovnice 12:

ox] [Qu Qo Qef[&]  [Cn Qe Q[ (12)
H:Q—Q—Q_ FI+7 |0 O Qaol| o
Fay Q16 Q26 Wos ea(c)y Q16 Q26 Wes Kxy

4.3.2.2 Definice silovych a momentovych vyslednic

Protoze napéti v kazdé vrstvé se méni v zavislosti na tlouStce laminatu,
je vyhodné definovat napéti jako ekvivalentni sily piisobici na stfedni povrch. Na obrazku
20 je vidét, Zze napéti ptisobici na hranu Ize rozdélit na pfirtstky a secist je. Vysledny
integral je tedy definovan jako silovd vyslednice a je oznacen N; (13-15), kde index
E' oznacuje smér. Tato silova vyslednice ma jednotky sily na Sitku a plsobi ve stejném

sméru (Nettles 1994).
z A

z=h/2

AT AT AT &
¥ F

F o ¥

%

<Y

h/2

z=-h/2

X

Obr. 20 Definice silovych a momentovych vyslednic prevzato z Nettles 1994

Ze scématu na obrazku 20, 1ze také vyjadrit napéti ve sméru y a smykové napéti.

Vysledkem jsou tedy tfi napétové vyslednice:

h/2 (13)
N, £ f o, dz

~h/2

h/2 (14)
N, = J oy dz

~h/2

h/2 (15)
Ny, & f Tyy dZ

~h/2

Jak je vidét na obrazku 20, napéti ptisobici na hranu vytvaii moment kolem stfedni

roviny. Sila je g, (dz) (). Rameno momentu je ve vzdalenosti z od stfedni roviny.
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Stejnym postupem jako u vyslednic napétovych faktorti 1ze momentové vyslednice

definovat jako:
h/2 (16)
M, & f 0y zdz
~h/2
h/2 (17)
M, = f oy zdz
~h/2
h/2 (18)
M,, = f Tyy Zdz
~h/2

Tyto momentové vyslednice maji jednotky to¢ivého momentu na jednotku délky.

4.3.2.3 Fyzikélni rovnice pro laminaty

Maticovy stav rovnic 13-15, 1ze zapsat ve formé:

h/2 (19)
dz
h/2 rxy
Stejné tak 1ze v maticovém stavu vyjadfit rovnice 16-18:
M, ny2 [ Ox (20)
My = f [Uy ] 7z dz
M,y ~h/2 |Txy

Integraly v rovnicich 19 a 20 musi byt provedeny na kazdé vrstvé a secteny,
protoZe diskontinuity v napéti mohou nastat na rozhrani vrstev. Pfi pouZiti schématu

laminatu na obrazku 21 musi byt rovnice 19 a 20 psany jako.

Obr. 21 Oznaceni jednotlivych vrstev v priuZezu laminatu

21

X

N, M
S22 [ e
N hi—1 1 Txy M hk1Txy

xy

Rovnice 11 mize byt nahrazena rovnicemi 21, za G¢elem ziskani rovnic 22 a 23.
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N =D 0] [0 Ca Que| ||
Ney| =1 U1 [Qrs Qe Qoely Lyxy
W [0 T O [K
+ f Quz Q Q| |Xyzdz
-1 Q16 Q26 Q66-K Ky
ml (o [ T T[4 @
My = f le % % 8y ZdZ
Myy] =1 (TP Q16 Q26 Qeely Lyxy
Gz Quz Qus| |Hy]o%dz
hkl Q16 Q26 Qesly Ky

Protoze deformace a zakiiveni neutralni osy (£%a K) nejsou funkci z (protoZe tyto

hodnoty jsou vzdy na neuralni ose z = 0), nemusi byt zahrnuty do integrace. Matrice

tuhosti lamindtu je také konstantni pro danou vrstvu, takze také bude konstantni

po integraci tlousStky vrstvy. Vyjadienim téchto konstatnt pfed integrdl v rovnicich

22 a 23 lze ziskat zapis v podobé& rovnic 24 a 25:

vl (e T a2 &
o Z Gz Qo2 Qz6f | & f dz
Nyl &=1([Q16 Q26 QeeK%?y M1
% 0 O] 5] n
+10n Qu Q| ||]
Q6 Q26 Qesly Ky ] Tt
Nel & ([Qun Qiz Qus| [&2] o (25)
= A 0
Ml 0n G | | J dz
Ney| *=1\[Q16 Q26 Q66K_)/3?y M1
% s O] [5]
Q2 Qa2 Qu| |Mv|] zdz
Q16 Q26 Weely Koy | "M

Protoze deformace a zakfiveni neutrdlni osy nejsou soucdsti sumaci, matice

tuhosti laminatu a h; terminy mohou byt kombinovany za vzniku novych matric.

Z rovnic (24) a (25) je 1ze definovat jako:
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Nk _ (26)
Aij = Z f [Qij]k(hk — hy-1)
k=1 "Nk-1
1 LI 3 27)
B;j = Ekzzlfhk_l[Qij]k(hzzc — hi_1)
(28)

n
1 e _
D;j = §Z,f [@is], (R = hi_1)
le=1 " M-

V maticové podobé miizou byt fyzikalni rovnice zapsany ve form¢ jako:

N, [A11 A1z Ase | Bi1 Biz Big|[ &2 (29)
N,y A Az Az | Bi; By Bie 539
Ny Aig Az Ass | Bise Bzs Bes ga(c)y
AA:IIx Bi1 Biz Big | D11 D1z Dig|| Kx
My Bi2 By Bz | Di; Dy; Doe Ky
% Big Bas Bes | Dis Dys Deg Ky
Ve zkrdceném tvaru lze tuto rovnici uvést jako:
N1 (4 | B[ (30)
M B | bD]|lk
Tento zkraceny tvar zapisu lze ¢astecné pievratit do tvaru:
kde plati:
[A"] = [A]7, (32)

[D*] = [D] - [BI[A]*[B].

PIng ptevraceny zapis lze tedy vyjadrit jako:
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[ &‘S 1 [A11 Ax A/16 | B /11 B,12 B,16_ r N, T (33)
539 Ay Ay Ay I 12 Bz Bagl| Ny
ea(c)y A Aze Ass | B 16 B2s Bls||Nxy
e C /11 C/12 C /16 | D /11 D ,12 D ,16 I\I\ZX
Ify Ci12 Cap Co | Di; Dy Dy My
xy- Ci6 Cz6 Cos | D 16 D2s Dggl "
kde plati:

[A] = [A"] - [B*][D]*[C"], (34)

Z hlediska symetrie lze laminaty rozdé€lit na symetrické a nesymetrické.
U symetrickych laminat (laminaty, které jsou konfigurovany tak, Ze geometricky stfed
je zrcadlovy obraz konfiguraci vrstev nad a pod neutrdlni rovinou), geometrickd stfedni
rovina je také neutrdlni rovinou desky a matice [ B] bude mit vSechny prvky rovna nule.
Pokud je vSak laminat nesymetricky, tj. pokud jsou vrstvy pobliZ spodni ¢asti desky
mnohem tuz§i ve sméru x, pak geometrickd stfedni rovina nebude neutralni rovinou
desky; a neutralni rovina bude bliZe ke spodni ¢asti desky ve sméru x. S tim se také pocita
ve fyzikalnich rovnicich, protoZze matice [B] bude mit nékteré nenulové prvky, coz
znamena, ze ohybové napéti (zakiiveni desky) zptisobi napéti v neutralni rovin€. Podobné

bude napéti v neutrdlni roving piisobit ohybovy moment (Nettles 1994).

4.3.3 VyztuZovani vysoko pevnostnimi vlikny

MoZnosti vyztuzovani difevénych lepenych nosnikll se zabyvaly vyzkumné tymy
jiz vice nez 45 let. Na zacatku byly pro Gcely vyztuzovani pouZzivany tradi¢ni vyztuzovaci
materidly, jako je hlinik a ocel. Z divodii poklesu cen se vSak zaaly vyuzivat praveé
vysoko pevnostni vlakna jako materidl mozny pro ucely vyztuzovani. Ve srovnani téchto
materidli s tradicné pouzivanymi materialy je pravdépodobné nizsi hustota. Hlavni roli
vyztuzujicich materidli s vysokymi mechanickymi vlastnostmi je poskytovat mistni
pfemosténi naméahani v mistech kde jsou defekty materidlu, omezi mistni lom a zpomali

jeho otevieni a v neposledni fadé¢ lokalné¢ zvySi mechanické vlastnosti nosniku.
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S vyuzitim téchto nedievnich vysoko pevnostnich komponentt lze také snizovat rozméry
pouzité¢ho dfevéné prvku ve skladbé lepeného vrstveného dieva (Kellogg a Wangaard

1964, Ehsani et al. 2004).

Obr. 22 Charakteristika vrstveného vyztuZeného dieva (1) porovnané s distribuci

pevnosti vrstveného dieva (2) a rostlého dieva (3) prevzato z André 2007

Na obrazku 22 je mozné vidét predpokladané vysledky lepenych vrstvenych
nosnikil vyztuzenych vysoko pevnostnimi vlakny. Z tohoto modelu je zfejmé, ze lepené
vrstvené nosniky vyztuzené nedfevnimi vysoko pevnostnimi vlakny by mély poskytovat
mensi odchylky mezi vlastnostmi vyztuZeného vrstveného dieva a lepSimi mechanickymi
vlastnostmi. NavrZzend hodnota vyztuzenych lepenych nosniki poukazuje na nové

moznosti vyuziti t€chto nosniktl pro tvorbu konstrukci, jez dokdzou udrzet vyssi zatizeni.

4.3.3.1 Ohybove vyztuzovani a vlastnosti vyztuZzenych kompozitl na bazi dieva

Z hlediska namahani lepenych nosniki v ohybu, nosniky ¢asto selhavaji na tahové
stran¢, z tohoto diivodu mé praktické vyuziti v nejvétsi mife vyztuZzovani tahové strany
nosniku. Vyztuzenim tahové strany dojde k pfesunuti ¢asti napéti na kompresni stranu,
coz pozitivné ovlivni celkové ohybové vlastnosti difeva. Bézné moznosti vyztuzovani
vrstvenych nosniku za ucelem zvySeni ohybovych vlastnosti 1ze vidét na obrazcich 23—

28.

Obr. 23 VyztuZeni nosniku vrstvou vysokopevnostnimi vlikny na tahové strané

vrstveného nosniku
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Selhani dfeva v ohybu tahovym napétim je ndhodné, a tudiz velmi obtizné presné
predvidat. V disledku toho je vhodné vyztuzovat tahovou stranu vrstvenych nosnikii
(obrazek 23) vrstvou vysoko pevnostnich vldken (John a Lacroix 2000, Fiorelli a Dias
2003, Borri et al. 2005). John a Lacroix 2000 se zabyvali vyztuzovanim dfeva lepenim
vysoko pevnostnich vldken na tahem naméhanou stranu. Pfi této aplikaci vldken zjistili
zvySeni pevnosti v ohybu v rozmezi od 40 % do 70 %. Podobny zptisob zvolili Fiorelli
a Dias (2003), jako vyztuzné vrstvy nastavili skelné a uhlikové vysoko pevnostni vlakna.
Pti namahani bylo pozorovéano poruseni ve dvou stupnich, prvni poruseni bylo zptisobeno
na kompresni strané s naslednym smykovym a tahovym porusenim. Touto aplikaci bylo
dosazeno zvySeni ohybové tuhosti o 15 % az 30 %. Aplikaci predpjatych vlaken
v epoxidové vrstvé na tahovou stranu namahanych nosnikt se zabyvali Borri ef al. 2005.
Touto aplikaci bylo zvySeno maximalni zatiZeni v ohybu o 40—60 %, spolu se zvySenim
tuhosti o 22-29 %. Aplikace predpjatych vldken neméla vyrazny vliv v porovnani

s aplikaci neptedpjatych vlaken.

Obr. 24 VyztuZeni nosniku vrstvami vysokopevnostnich vliken na tahové a tlakové

strané vrstveného nosniku

U vyztuZeni nosniku vrstvami vysokopevnostnich vladken na tahové a tlakové
strané vrstveného nosniku (obrazek 24) se ocekavd kromé zlepSeni ohybovych
charakteristtk namdhaného nosniku také zlepSeni trvanlivosti dfeva. VyuzZitim
polyesterovych a skelnych vldken s objemovym pomérem 2,1 % se zabyvali Lopez-
Anido a Xu (2002). Ve vyzkumu byly pouzity jednosmérné laminaty a +£45° laminaty.
Pti pouziti jednosmérnych laminath bylo sledovano zvySeni mezniho zatizeni o cca 47 %
a zména poruchového rezimu byla sledovana se zvySenou taznosti. V ptipad€ vyuziti
laminatd s vldkny pod 45° nedoSlo k vyraznému zvySeni ohybovych charakteristik,
poruchovy rezim byl fizen lomem dfeva v tahu jako v pfipad¢ nevyztuZzenych nosniku.
Vyztuzovanim vysoko pevnostnich uhlikovych vlaken na tahovou a tlakovou plochu
namahaného nosniku za ucelem zvysSené ohybovych charakteristik a pozarni odolnosti

se zabyval také Ogawa (2000). Ve své praci uvadi vyztuzovani modiinového dieva
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uhlikovymi vldkny s objemovym podilem v rozsahu od 0,08-1,3 %. Pro zajiSténi zvySené
pozarni odolnosti byla vyuzita nova fenolickd pryskyfice. Aplikaci této fenolické
pryskyfice byla také mimo zvySeni pozarni odolnosti také zvySena mezilaminatova
smykova pevnost. Z hlediska ohybovych charakteristik doslo k jejich zvySeni bez ohledu

na pouzity druh dieva a mnozstvi navazanych uhlikovych vysoko pevnostnich vlaken.

Obr. 25 VyztuZeni nosniku vrstvou vysokopevnostnich vliken mezi poslednimu dvéma

vrstvami lepeného nosniku

Méng efektivni metodou vyztuZeni lepenych nosnikii za pomoci vysoko
pevnostnich vlaken je aplikace mezi posledni dvé vrstvy lepené dievéného nosniku
(obrazek 25). Vyzkumem této metody vyztuzeni lepenych nosniku se zabyvali napiiklad
Dagher et al. (1996). Cilem tohoto vyzkumu bylo zjisténi vlivu vyztuzeni vysoko
pevnostnimi vldkny v interakci na kvalitu vrstev lepeného nosniku. Na jednotlivé vrstvy
bylo vyuZito dfevo o nizké, stfedni a vysoké kvalité, pro vyztuZzeni byly vyuZité vysoko
pevnostni vldkna o objemovém podilu 1,1 a 3,1 %. Pii této aplikaci byl pozorovan
pozitivni vliv vyztuzeni jen lepenych nosnikl slozenych vrstev o nizké kvalité naopak
uvysoce kvalitnich vrstev nebylo sledovano téméf zadné zlepSeni ohybovych
charakteristik. Problematikou aplikace této metody se také zabyvali Romani a Blal3
(2001). Tento vyzkum byl zaméfen na vyztuzovani aramidovymi a skelnymi vysoko
pevnostnimi vlakny aplikovany mezi dvé posledni vrstvy lepené¢ho nosniku. Ve vét§ing
ptipadli dochézelo k selhani ve vrstvé nad vlakny, v nékterych piipadech doslo k selhani

pod vyztuZzenim (vétSinou tahové selhani).

Obr. 26 VyztuZeni nosniku vysokopevnostnimi vlakny na bo¢ni a tahové plose

Metoda vyztuzeni vysoko pevnostnimu vladkny, kdy jsou vldkna aplikovana z ¢asti
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na bocni a zCasti na tahové ploSe (obrdzek 26), neni pfili§ béznd, byla zkoumana
vyzkumnym tymem Borri ef al. (2005), kdy byly pro vyztuzeni vyuzity uhlikové vysoko
pevnostni vlakna. Touto metodou 1ze dosdhnout zvySeni maximalniho zatizeni az o 55 %
a tuhosti 0 30 % coz je prakticky identické s ohybovymi vlastnostmi nosnikl vyztuzenych

vysoko pevnostnimi vlakny o vysoké hustoté na tahové stran¢.

Obr. 27 VyztuZeni nosniku vysokopevnostnimi vlakny zapuSténymi v tahové ploSe

Dalsi moznosti vyztuzovani pomoci vysokopevnostnich vldken je zapuSténim
téchto vlaken v tahové plose (obrazek 27). Vyzkumem této aplikace vysoko pevnostnich
vldken umisténych podél nosniku v nékolika drazkach se zabyvali Gentile et al. (2002).
UloZeni dvou vyztuznych prvkd o prifezu 13 mm byly ulozeny ve dvou podélnych
drazkach na tahové strané namahaného nosniku. Objemovy podil vyztuznych elementti
byl 0,42 %. Touto metodou vyztuzeni bylo dosazeno zlepSeni ohybovych charakteristik
nosniku az 046 %. Pfiblizn€ 60 % sledovanych nosnikl selhalo v rezimu ohybové

komprese.

Obr. 28 VyztuZeni nosniku vysokopevnostnimi vlikny zapuSténymi v bo¢ni plose tahové
zony
V ptipad¢ vyztuzeni nosniku vysoko pevnostnimi vldkny zapusténymi v bocni
ploSe tahové zony (obrdzek 28) se jednda o podobnou metodu vyztuzovéani jako
v ptedchozim ptipadé. Kdy jsou vyztuzujici prvky zapusStény podélné€ v bocni plose
tahové zony. Touto metodou se zabyvali podobné jako u pfedchoziho zptisobu Borri et
al. (2005), kdy byl vyzkum zaméfen na sledovani vlivu umisténi a poc¢tu vyztuznych
elementll z vysoko pevnostnich uhlikovych vldken. V prvnim ptipadé¢ se jednalo o

umisténi vyztuzného elementu ve stfedu nosniku, kdy bylo pozorovano zvySeni
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maximalniho zatizeni o cca 29 % a tuhost o 22 %. V druhém ptipadé se jednalo o
symetrické uloZzeni dvou vyztuznych elementii z vysoko pevnostnich uhlikovych vldken
po vysce nosniku. U toho vyztuzeni bylo pozorovano zvySeni maximalniho zatizeni o cca
52 % a tuhost 25,5 %. Podobny pfistup k této metodé vyztuzovani zkoumali Johnsson et
al. (2007), kteti vyztuzovali lepené nosniky pomoci vyztuznych vysoko pevnostnich
uhlikovych vldken v matici s prifezem 10x10 mm. V tomto vyzkumu sledovali stejné
uloZeni jako v pfedchozim vyzkumu, které byly rozsifené navic o zkracené vyztuzné
elementy umisténé ve stiedu nosniku. VSechny testované nosniky prokazovaly zlepsené
ohybové charakteristiky. Nosnost téchto nosnikll byla v priméru zvysena o 44-63 %.

Jako u ostatnich studii bylo pozorovano selhani nosniku na tlakové strané.

4.3.3.2 Smykové vyztuzovani a vlastnosti vyztuzenych kompoziti na bazi dieva

Dievo mé pomérné nizkou smykovou pevnost kolmo k vlaknim, coz mize mit
v nékterych ptipadech za nésledek kritickou smykovou odolnost v podélném sméru. Pro
smykové vyztuzovani nosnikd se v minulosti pouzivaly hlinikové a ocelové desky
(Triantafillou 1998). Studie zabyvajici se smykovym vyztuZovanim vysoko pevnostnimi
vlakny jsou omezené, protoze smykové poruseni dievénych nosnikli je pomérné€ vzacné
(André 2007). Radford et al. (2002) uvedli, ze difevo muze byt vyrazné zesileno
ve smyku smykovymi deskami s vldkny orientovanymi na + 45° pro maximalizaci
smykové tuhosti. Tuhost se zvysila z primérné hodnoty 2,6 GPa (nevyztuZené nosniky)
na 9,8 GPa (vyztuzené nosniky). Svecova a Eden 2004 testovali mostni nosniky
vyztuzeny ty¢emi slozenych z vysoko pevnostnich skelnych vldken. Byly testovany
tf1 rizné typy vyztuzeni (se zménou vzdalenosti mezi ty¢emi, s dispozici po celé délce
nebo jen po smykové délce). Ve srovnani s kontrolnimi nosniky byla zvySena mez

pevnosti ve smyku z 10 GPa na 21 GPa.

4.3.3.3 Kombinované vyztuzovani a vlastnosti vyztuzenych kompozitii na bazi dieva

Kombinace smykového a ohybové vyztuZovani je dalS§i moZnosti zlepSeni
mechanickych vlastnosti dievénych nosnikll. Jednou z moznosti takového vyztuzovani
za vyuziti vysoko pevnostnich vldken je vyuziti koliki orientovanych pod thlem 60°
od podélné roviny pro smykové vyztuzeni a ty¢i z vysoko pevnostnich skelnych vlaken

pro ohybové vyztuzeni (Amy a Svecova 2004). Kontrolni nosnik (nevyztuzeny, ale
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ve srovnani s vyztuzenymi nosniky vyssi kvality) vykazuje ve vSech pfipadech rezim
selhani smyku. Pouziti ohybovych ty¢i z vysoko pevnostnich skelnych vlaken a koliki
vedlo ke zvySeni maximalniho zatizeni o 22 % a odliSnému typu selhani (stla¢eni kolmo
k vlakntim). Dalsi moznosti smykového a ohybového vyztuzovani se zabyvali Buell
a Saadatmanesh 2005. V tomto vyzkumu byla pro vyztuzeni pouzita tkanina z vysoko
pevnostnich uhlikovych vlaken. Tato tkanina byla aplikovana na tahovou plochu, obé
bo¢ni plochy a dvé tfetiny kompresni plochy. Orientace vlaken v tkaniné byla
45° z davodl optimalizace smykové tuhosti. Takto vyztuzené nosniky byly testovany
v ohybu a smyku. Bylo zaznamenano zvySeni v ohybové pevnosti o cca 53 % a zvyseni
modulu pruznosti o 17 %. Bylo také zaznamenano zvySeni smykové pevnosti o cca 68 %.
Buell a Saadatmanesh 2005 testovali principialn€ podobnou metodu s vyuZzitim na rozdil
od pfedchozi metody n€kolik separovanych tkanin z vysoko pevnostnich uhlikovych
vlaken. Ugelem bylo prozkoumat ué¢inek piekryvani tkanin. Bylo zji§téno zvyseni
pevnosti v ohybu o 43 % a modulu pruznosti o 27 %. VétSina nosnikii zaznamenala
selhani na tahové strané¢. Smykova pevnost se také zvysila, a to o cca 23. Podobnou
metodu testoval také John a Lacroix (2000), kdy pro vyztuzeni byla pouzita tkanina
z vysokopevnostnich vldken aplikovana na tahovou stranu v U tvaru s ¢asteCnym
pfesahem na boc¢nich plochach nosnikl. Touto aplikaci bylo dosazeno vSeobecného

zvySeni ohybovych charakteristik.

4.4 Jednoduchy ohyb dreva a vrstvenych kompozitii na bazi dieva

Aplikace ohybové teorie na dfevé se uplatiiuje hlavné pro konstrukéni tcely,
nicméné¢ také pii jeho tvarovani ohybem apod. Pii zjednoduseném pohledu
na problematiku ohybu dievéného prutu, je mozné vnimat namahany prvek jako soubor
nekonecného poctu prutit s podélnou orientaci vzhledem k podpéram. Pti zatézovani
je mozné pozorovat dva typy namahani, a to tlakové (konkavni plocha prvku) a tahové
(konvexni plocha prvku). Pfi feSeni stavu napéti a deformace takto namdhaného
dfevéného prvku je nutné piijimat jisté zjednoduseni jako naptiklad Ze je prvek pfimy,
venkovni zatiZzeni plisobi v jedné rovin¢ a soucasné je rovinou soumeérnosti prifezu
prvku. Tato rovina je v nedeformovatelném stavu kolmé na neutrdlni rovinu, béhem

ohybani prvku je rovina zatiZena rovinou ohybové ¢ary (Pozgaj et al. 1993).

V prutu namdhaném v ohybu zplsobuje ohybovy moment deformaci a zménu

tvaru (obrazek 29). Kromé tahového a tlakového napéti se zde vyskytuje také smykové
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nap¢ti. Deformace je tedy vysledkem normdlového a smykového napéti v prifezu
paprsku (Bodig a Jayne 1982). Na tlakové strané namédhaného prvku dochazi
ke zkracovani, kdezto na tahové strané¢ dochazi k prodluzovani, ¢imz se projevuji
negativni vlastnosti dfeva pii ohybu, kdy deformace pfi zatizeni v tahu jsou vyrazné
mensi nez deformace pii zatizeni v tlaku ve stejném sméru. Z tohoto diivodu existuje
snaha posouvat neutralni osu smérem k tahové zoné za tcelem zvySeni podilu tlakové
zony. Na zaklad¢ téchto poznatkli je mozné uvést, ze pomérna deformace v ohybu pii
uvedeném zatizeni piimo zavisi od vzdalenosti od neutralni osy a je nepfimo umérna

poloméru zakiiveni.

Nedeformovany prufez

/
/
/ Deformovany prufez

-

Obr. 29 Deformace dievéného prvku vystavenému ohybovému momentu (Babiak et al.

2018)

U kratkych nosnikli vystavenych ohybu je mozné casto pozorovat poruSeni
ve smyku, zejména u nosniki s vyssi vyskou (Pozgaj ef al. 1993, Blomberg et al. 2005,
Chao et al. 2017). Je-li prifez nosniku obdélnikovy, je rozdéleni smykového napéti

parabolické podél vysky nosniku (obrazek 30).

Obr. 30 RozloZeni napéti v priifezu namahaného prvku (Babiak ef al. 2018)

Je-li dfevény nosnik zatiZzen pficnymi silami, vytvofi se v prifezu nosniku
posuvné sily ,,Ft*“ a ohybovy moment ,,M* (obrazek 31). Ohybovy moment zpiisobuje
v prufezu normalové napéti. Zmeéna toivého momentu vede k posuvnym silam, které se
snazi posunout jednu ¢ast dtevéného nosniku k druhé, coz ma za nasledek smykové napéti
v prufezu. Kromé toho se béhem ohybu vytvaii smykové napéti, které se snazi posunout

jednotlivé vrstvy vldken postupné ve sméru podpér (Bodig a Jayne 1982, Pozgaj et al.

66



1993, Eilmann et al. 2014, Bezazi a Scarpa 2007).

Obr. 31 Posuvné sily vzniklé tfi bodovym ohybem (Babiak ef al. 2018)
Velikost pficnych posuvnych sil 1ze vyjadfit pomoci rovnice (35):

dM 35
L (35)
dx
kde Ft je pricnd posuvna sila, pficnd smykova sila a prava strana se tedy rovna

zméné ohybového momentu dM v urcité vzdalenosti dx.

-hi2 erraceni

rNeutréIni
\ osa

Prodlouzeni viaken

Obr. 32 Schéma ohybu jednovrstvého télesa
Na zéklad¢ schématu jednoduchého ohybu (obrazek 32), je moZzné matematicky

vyjadfit deformace a napéti dle vztahu Eq. 36-37

U=y m-(R+x)—m-R (36)
€= lO N TR
_x (37)
TR
_E'xz
7R

Zékladni rovnice ohybu, ze které vychazi nas predpoklad matematické predikce
celkové tuhosti vrstveného materialu, celkovy moment sily, moment setrvacnosti

pro obdélnikové prifezy je zachycen rovnicemi 38-40.
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1M 3%)
R E-I
h b
2 (2 (39)
M = f g Xz dxz dX3
2772

)
I=b-f x2-dx, = —

kde, R vyjadiuje polomér ohybu vzhledem k neutralni ose (mm), M vyjadiuje
celkovy moment sily vyjadiujici miru otac¢ivého ucinku sily, /7 je moment setrvacnosti
vyjadfujici miru setrvacnosti télesa o obdélnikovém prufezu pii otacivém pohybu,
E vyjadiuje celkovy modul pruznosti télesa (MPa), 4 je tloustka materidlu (mm), a b je
Sitka materialu (mm).

Z hlediska ohybu nesymetrickych vrstvenych kompozitii na bazi dieva dochazi
ke zméné distribuce normalovych a smykovych napéti ve vztahu k parametrim
a vlastnostem jednotlivych vrstev. U vrstvenych material slozenych zvice typl
materiali s rozdilnymi vlastnostmi je také dulezitd vzdalenost jednotlivych vrstev
od neutralni osy. Vzhledem ke zvySené vzdalenosti vrstvy od neutrdlni osy se u vrstvy
s vysSi tuhosti vytvoii vlivem ohybu vySsi napéti nez v pfipadech vrstvy s niZsi tuhosti.
Timto uspotadanim vznikne nejvyssi smykové napéti v neutalni ose jak je mozné vidét

na obrazku 33 (Bodig a Jayne 1982).
’ i
c)

a) b)

Obr. 33 Distribuce napéti v ohybu vrstveného nesymetrického kompozitu a) pfi¢ny pruiez,

b) ohybové napéti, c) smykové napéti (prevzato z Bodig a Jayne 1982)
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5 Metodika disertacni prace

5.1 Pouzité materialy

V této kapitole jsou uvedeny pouzit¢ materidly pro tvorbu vrstvené¢ho
kompozitniho materidlu na bazi zhusténého bukového dfeva vyztuzené¢ho vysoko

pevnostnimi skelnymi a uhlikovymi vlakny.

5.1.1 Specifikace bukovych lamel

Vstupnim materidlem pro tvorbu vrstvenych materialii byl zvolen buk s dirazem
na jeho ohybové charakteristiky. Bukové radidlni lamely byly vyrobeny standardnimi
technologickymi postupy o nomindlni Sifce 35 mm. Jednotlivé lamely byly vyrobeny
o dvou typech tlousték a to 5 mm a 9 mm. Lamely o téchto pfi¢nych rozmérech byly
vyrobeny v délkdch od 1000-2000 mm. Z takto pfipravenych lamel byly
vymanipulovany nomindlni lamely, tak aby byly vymanipulovany vady snizujici

mechanické vlastnosti v ohybu dle piilozené¢ho schématu viditelného na obrazku 34.

Obr. 34 Schematické znazornéni porezu lamel a jejich rozmérovych charakteristik

Jednotlivé lamely byly vyrdbény parovym zptisobem tak aby bylo mozné testovat
mechanické vlastnosti v ohybu jednotlivych vrstev lepeného vrstveného kompozitu
pro néasledné vyuziti pfi numerickém modelovani za u¢elem porovnani experimentalné
ziskanych a vymodelovanych dat. Ze schématu pofezu lamel je mozné vidét, ze délka
jednotlivych lamel byla vyrdbéna s ohledem na tloustku jednotlivych lamel a tlouStkou

lepenych vrstvenych lamel.

5.1.2 Specifikace vyztuZznych elementi

Skelnd vladkna vyuzita jako vyztuzujici element byla ve form¢ tkané vyztuze
(KITTFORT) tkané jako platno v poméru 1:1 (obrazku 35). Tato skelnd tkanina

je vyrobena ze sklo vldknitych pramend, které jsou opatfeny povrchovou tpravou na bazi
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UPE. Pouzité skelna tkanina je sloZzena ze skelnych vlaken typu E.

a) b)

Obr. 35 Vyuzita a) skelna vlakna ve formé tkaniny, b) uhlikova vlakna ve formé tkanych

uhlikovych pramenii

Dal$im pouzitym vyztuznym elementem byla vyuzita jednosmérnd tkand
prosivana a leh¢end tkanina z uhlikovych vldken typu SikaWrap 150C/30 (obrazek 36).

Tato tkanina je vyrobena z uhlikovych vldken s vysokou pevnosti a hustotou 1,81 g/cm’.

5.1.3 Adhezivni prostiedky vyuZity pro lepeni

Pro spojovani jednotlivych komponentli v lepené struktufe bylo vyuzito jedno
slozkové vod€ odolné polyvinyl acetatové lepidlo (PVAc) AG-COLL 8761/L D3.
Technické parametry pouzitého PVAc lepidla je mozné vidét v tabulce 7. Lepidlo bylo
aplikovano manualné za pomoci nanaseciho valecku jednostrannym natérem s nanosem
lepidla v rozmezi od 150-180 g/m?. Lepené materialy byly lisovany za studena pomoci

mechanickych svorek po dobu 20 minut.

Tab. 7 Technické parametry PVAc lepidla AG-COLL 8761/L D3

Technické parametry pro lepidla AG-COLL 8761/L D3

Viskozita (MPa) 5000-7000 (pii 23 °C)
Pracovni ¢as (min) 15-20
Hustota (g/cm?3) 0,9-1,1 (pti 23 °C)
Otevreny ¢as (min) 15

Obsah susiny (g) 49-51

pPH do 4,5
Smykovd pevnost podle EN 205 (MPa) 11,9
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5.2 Modifikace zhuSt’ovanim

Pro zhustovani lamel byla pouzita termo mechanickd metoda celoobjemového
zhustovani v tangencidlnim sméru. Jednotlivé lamely byly zhustovany v oboustranné
vyhiivaném hydraulickém lisu TOS Rakovnik, pii teploté¢ vyhtivanych desek 140 C°
(£5°C). Pro zajisténi dostatecnych podminek zajist'ujici skelny prechod zakladnich slozek
dfeva byly do lisu vkladany lamely o vlhkosti 12 % (£ 1 %). Vlhkost dieva byla
vypocitana dle normy ISO 13061-1 (2014) dle vzorce 41. Technické parametry lisovaciho
procesu jednotlivych lamel v zavislosti od stupné zhusténi a pocatecni tloustky Ize vidét

v tabulce 8.

m, —mg (41)

kde w je obsah vlhkosti v (%), m,, je hmotnost dfeva ve vlhkém stavu (g), m,
je hmotnost vysuseného dieva na o vlhkost (g). Suseni na 0 % vlhkost, bylo provedeno

v souladu s normou ISO 13061-1 (2014).

Tab. 8 Technické parametry lisovani lamel v zavislosti od stupné zhusténi

Stupent zhusténi z hlediska Bukové lamely 5 mm Bukové lamely 9 mm
tloustky Tlak (MPa)  Cas (min) Tlak (MPa) Cas (min)
10 % 30,2 5 37,7 9
20 % 31,5 6 39,3 10
30 % 34,2 7 42,7 11
40 % 36,3 8 434 12

Hustota (42) pfed a po zhuStovani byla vypocitana dle normy ISO 13061-2
(2014).

_ My (42)

kde p,, je hustota dfeva pii konkrétni vlhkosti (kg/m*) m,, je hmotnost dieva

pfi konkrétni vihkosti w (kg), a V,, je objem dfeva pfi konkrétni vihkosti w (m?).

5.3 Tvorba zkuSebnich téles

Z nezhusténych a zhuSténych lamel byly vyrobeny zkuSebni télesa dle schématu

na obrazku 36. Principidlné Ize rozd¢lit zkuSebni soubory do 4 nésledujicich skupin:
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- jednotlivé nezhusténé a zhusténé lamely (urcené pro teoretické vypocty),
- vyztuzené nezhusténé a zhusténé lamely vysoko-pevnostnimi vlakny,
- slepené vrstvené nezhusténé a zhusténé lamely,

- vyztuzené slepené vrstvené nezhusténé a zhusténé lamely vysoko-pevnostnimi

vlakny.
Neupraveny Buk Neupraveny Buk
Zhustény Buk (10-40%) Zhustény Buk (10-40%)
Neupraveny Buk Neupraveny Buk
Zhustény Buk (10-40%) Zhustény Buk (10-40%)
PVAc PVAc
PVAc
Skelna a uhlikova vladkna
Neupraveny Buk Neupraveny Buk
Zhustény Buk (10-40%) Zhustény Buk (10-40%)

Koédovani
5/9-BK-BK-CA/LA

Tloustka IamelT T [Tfeti vrstva

Druha vrstva
Prvni vrstva

Obr. 36 Rozdéleni zkuSebnich soubori z hlediska vrstvené skladby

Tyto ¢tyfi zkuSebni skupiny (obrazek 37) byly sloZzeny dohromady
z 60 zkuSebnich soubort. Z hlediska statistického vyhodnoceni bylo v kazdém

zkuSebnim souboru 30 zkuSebnich t€les.

5.4 Metodika mechanického testovani v ohybu

5.4.1 Mechanické testovani

Vsechny testované soubory byly testovany tfi bodovym ohybem dle normy
EN 310 (1993). ZkuSebni télesa byla zatiZzena jednou izolovanou silou dle schématu
uvedeného na obrazku 37. Pro samotné testovani byl vyuzit univerzalni testovaci stroj

FPZ 100. Rychlost zatézovani byla stanovena na 3 mm/min tak, aby testovani
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nepiekrocilo dobu testovani stanovenou v pfislusné norm¢. Dal$im relevantnim
nastavenim univerzalniho testovaciho zafizeni byla rozte¢ spodnich podpér, tato roztec¢
byla u vSech zkuSebnich téles nastavena tak aby odpovidala 20 nasobku pramérné
tloustky testovaného zkuSebniho télesa. Vyuziti méné vhodné metody z hlediska tvorby
smykového napéti 3bodovym ohybem bylo vyuzito z technickych diivodi. Pii testovani
s vysS§im stupném zhusténi by nebylo v ptipad¢ vyuziti ¢ty bodového ohybu mozné

dodrzovat stanovené rozpéti spodnich podpér na 20 nasobek tloustky testovaného prvku.

Obr. 37 Schéma testovani tifibodovym ohybem dle EN 310 1993

5.4.2 Vypocet zakladnich mechanickych charakteristik

Pro vypocet vSech ohybovych charakteristik z pracovniho diagramu byl pouzit
software MATESS, jenZ pracuje na bazi identifikace a kvantifikace hrani¢nich bodi
pracovniho diagramu. Pro svilj chod tento software pracuje v péti krocich. V prvnim
kroku vy¢isti datové sady s naslednou interpolaci chybéjicich hodnot. Po tomto kroku
nasleduje krok mistniho vyhlazovani pracovniho diagramu. V naslednych krocich
probiha detekce meze pevnosti a meze imérnosti. V poslednim patém kroku prob&hne

kvantifikace charakteristik pracovniho diagramu.

Pro vypocet meze pevnosti v ohybu “MOR” v tifibodovém ohybu byl vyuZit
vzorec 43, dle ISO 13061-3 (2014).

3Fnaxlo (43)

MOR = b

kde, MOR je mez pevnosti (MPa), F,,,, je sila potiebna pro zlomeni testovaného

zkusebniho télesa (N), [, je rozpéti spodniho suportu testovaciho zatizeni (mm), a b

73



(sitka) a h (tloustka) jsou prutfezové rozméry testovaného zkusebniho télesa (mm).

Pro vypocet ohybového modulu pruznosti, vyjadiujici vnitini odolnosti proti
pruzné deformaci byl vyuzit vzorec 44, dle normy EN 310 (1993).
o 8= Fy (44)
4bh3(y, — y1)

kde, E je modul pruznosti (MPa), [, je rozpéti spodniho suportu testovaciho
zatizeni (mm), b (Sitka) a h (tloustka) jsou prurezové rozmeéry testovaného zkusebniho
télesa (mm), F, — F; je prirtstek zatizeni v linearni ¢asti pracovniho diagramu (F; je 10
% a F, je 40 % z maximdlniho zatizeni (N)), a y, — y;je pfirGstek prihybu (mm)

pod zatézujici silou (odpovidajici F, — F;).

Pro vypocet meze umérnosti byl pouzit vzorec (45) podle normy EN 310 (1993).

3Fgl, (45)

LOP = b2

kde, LOP je mez umérnosti (MPa), [, je rozpéti spodniho suportu testovaciho
zafizeni (mm), Fg je sila na mezi imérnosti (N) b (Sitka) a h (tloustka) jsou prifezové

rozmeéry testovaného zkusebniho télesa (mm).

Pro vypocet tangentovych modulli a seCnicového modulu byly pouZity vzorce 46—

49. Vzorce jsou pievzaté z prace Sikora et al. (2018).

i o
yg 481
= B B @
yuy 481
i 0
yp 481
amza—&_@ (49)
yp —Yg 4bh®
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kde, Fp je sila na elastickém limitu (N), F je sila na mezi umérosti (N), yp
je pruhyb na elastickém limitu (mm), yz je pruhyb na mezi pevnosti (mm), y,, je pruhyb
vyjadieny jako primér mezi yp a yp (mm), [, je rozpéti spodniho suportu testovaciho
zafizeni (mm), b (Sitka) a h (tloustka) jsou prarezové rozmeéry testovaného zkuSebniho
télesa (mm).

Pro vypocet elastického a plastického potencidlu byly vyuzity vzorce 50-51
pievzaty z praci Gaff et/ al. (2017a) a Gaff et al.(2017b).

3Fyg (50)
PE =
2bhl,
W, (1)
Pp=—=
bhl,

kde, Py je elasticky potencial (MPa), Pp je plasticky potencial (MPa), F je sila
(N), yg je prihyb na mezi imérnosti, W, je prace ve vizko-plastické oblasti (mlJ), [,
jerozpéti spodniho suportu testovaciho zafizeni (mm), b (Sitka) a h (tloustka)
jsou prafezoveé rozméry testovaného zkusebniho télesa (mm).

Plastickd prace miize byt vypo€itana pomoci regresni rovnice (52) nebo
zjednoduSenou variantou pomoci linedrni aproximace (53). Na zdklad¢ téchto ptistupii

1ze vyjadtit chybu aproximace (54), viz vzorec 51:

- a b (52)
W, = §(y3 —y3) + 5(3/5 —y2) + c(yp — ¥i)
—  (Fp+Fg) (53)
Wp = T( P — VE£)
W, — Wy (54)
AW =—2_"8100
W,

kde: W, je prace (mJ), Wy je aproximované prace (mJ), AW je chyba aproximace
(%), yg je prihyb na mezi imérnosti (mm), yp je pruhyb na mezi pevnosti (mm), Fj sila

na mezi imérnosti (N), Fp sila na mezi pevnosti (N).
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5.5 Analyticka metoda predikce ohybovych vlastnosti na zakladé

tuhosti

5.5.1 Teoreticky vypocet tuhosti dvouvrstvého materialu
Pti aplikaci poznatkli o jednovrstvych prutech v ohybu Ize matematicky vyjadrit
tuhost heterogenniho dvou vrstveného materidlu na zdklad¢é zékladni rovnice ohybu.

Schématické znazornéni dvouvrstevného télesa lze vidét na obrazku 38.

hi2
| 2 |

K= a
| 2 |

hi2

Obr. 38 Schéma pro odvozeni modulu pruznosti dvou vrstvého systému na ziakladné

parametri jednotlivych vrstev

Ze zékladni rovnice ohybu Ize vyjadrit teoretickou celkovou tuhost dvouvrstvého
prvku dle vzorce odvozeného ze zakladni rovnice tuhosti (55).

’ n (55)
2
EI:bT f El'xg'dxz‘l‘sz'x%'de
_g a
S néslednym odvozenim do podoby vzorce umoZilujici vypocet celkového

modulu pruznosti v ohybu dvou vrstvého kompozitniho materialu na bazi dieva (56).

1 3
F=5(B+E)+4(3) (B—Fp) (56)

E, <E;
kde, E ptedstavuje celkovy modul pruznosti vrstveného materidlu (MPa),
E; je modul pruznosti prvni vrstvy (MPa), E> je modul pruznosti druhé vrstvy (MPa), a
predstavuje tlouStku prvni vrstvy (mm), 4 (x2) ptedstavuje celkovou tloustku vrstvené¢ho

materialu (mm), a b (x3) ptedstavuje celkovou sifku prvku (mm).

5.5.2 Teoreticky vypocet tuhosti trojvrstvého materialu

Pti aplikaci poznatkti o jednovrstvych prutech v ohybu lze matematicky vyjadfit
tuhost heterogenniho tfi vrstveného materidlu na zaklad¢ zékladni rovnice ohybu.

Schématické znazornéni tfi vrstvého télesa lze vidét na obrazku 39.

76



h/2

Es .

N E2 .
Ey

-hi2

Obr. 39 Schéma pro odvozeni modulu pruZnosti tfi vrstvého systému na zakladné

parametri jednotlivych vrstev

V ptipad¢ tfi vrstvych materiald lze vyuzit vzorec pro vypocet tuhosti ktery
je zaloZen na parametrech jednotlivych vrstev (57).
a b % (57)
E-1=br- fhEl-ng-dx2+j Ez-xg-dx2+j E; - x%-dx,
a b

S naéslednym odvozenim do podoby vzorce umoZiujici vypocet celkového

modulu pruznosti v ohybu tii vrstvého materidlu (Eq. 58).

B 4 E; + E; (58)
B 2

ﬁ'[a3'(51—52)+b3'(5'2—Es)]+

kde, E predstavuje celkovy modul pruznosti vrstveného materialu (MPa),
E;je modul pruznosti prvni vrstvy (MPa), E> je modul pruznosti druhé vrstvy (MPa),
E3 je modul pruznosti tieti vrstvy vrstvy (MPa), a predstavuje tloust’ku prvni vrstvy (mm),
b ptedstavuje tloustku prvni vrstvy (mm), 4 piedstavuje celkovou tloustku vrstveného

materidlu (mm), a br ptedstavuje Sitku prvku (mm).

5.5.3 Kvantfikace rozdili mezi reilné méfenym a vypocitanym modulem

pruznosti

Na zaklad¢ vypocti uvedenych v kapitole 5.5.1 a 5.5.2 (vzorce 54 a 55)
byly provedeny vypocty teoretickych hodnot tuhosti pro dvou a tfi vrstvé materidly.
Z této teoretické tuhosti byly vyjadieny teoretické moduly pruznosti dle vzorca 55 a 57.
Tyto teoretické moduly pruznosti byly porovnany s moduly pruznosti ziskanymi pomoci
destruktivni zkousky tfibodovym ohybem dle oddilu 5.4.1. Procentudlni rozdil mezi
teoretickymi a naméfenymi hodnotami modulu pruznosti bylo vyjadieno za pomoci

vzorce 59.
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Er —E
AE = ———2100 59
Er

kde, AE vyjadiuje rozdil mezi Er a Ey (%), Er vyjadiuje teoreticky modul

pruznosti (MPa) a E); vyjadiuje méteny modul pruznosti (MPa).

5.6 Statistické vyhodnoceni

Ke zhodnoceni vysledkt a jejich interakci byl vybran Duncaniiv test, s hladinou
vyznamnosti oo = 0,05. Tento test urcuje na zakladé hladiny vyznamnosti ,,P“, zda

je sledovany faktor statisticky vyznamny a v jaké mifte.

Podle velikosti P se hodnoti sledovany faktor dle nasledujicich kritérii:
e P =0-pravdépodobnost, ze faktor neplisobi, je nulova,
e P =(0;0,001)— vliv faktort je statisticky velmi vyznamny,
e P =(0,001;0,1)— vliv faktort je sttedné vyznamny,
e P <0,05 - vliv faktoru je statisticky vyznamny,
e P <0,01; 0,05)— vliv faktorti je statisticky malo vyznamny,
e P =0,05 - vliv faktoru je na hranici statistické¢ vyznamnosti,

e P >0,05 - vliv faktoru neni statisticky vyznamny.
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6 Syntéza vysledkia publikovanych ¢lanki

V této kapitole jsou predstaveny souhrné vysledky disertacni prace publikované
v odbornych publikacich v pribéhu doktorského studia. Jednotlivé separaty clanki a

manuskriptti jsou uvedeny v kapitole 9.

Vlastnosti vrstveného dfeva lze ovlivnit riznymi zpiisoby, napiiklad kombinaci
vrstev je mozné vytvofit vrstvené dievo s jinymi vlastnostmi nez vlastnosti masivniho
dfeva. Vhodny vybér lepidel nebo kombinace lepidel mlize umoznit zmény vlastnosti
vrstvené¢ho dieva, ¢imz se vytvofi material se specifickymi pozadovanymi vlastnostmi.
V ¢lanku Cislo 1 (Adhesive as a Factor Affecting the Properties of Laminated Wood) jsme
se zam¢fili na zkoumani vlivu lepidel na ohybové vlastnosti vrstveného dfeva. Dievo
koeficienty ohybatelnosti (0 43 % vy3si) spolecné s touto vlastnosti bylo u PVAc lepidel

zjiSténa vyssi trvanlivost lepeného spoje vzhledem k cyklickému namahéni.

Tab. 9 Vliv lepidla na vybrané charakteristiky rostlého a vrstveného di‘eva

Rostlé dievo Vrstvené direvo
UF PVAc PUR
Maximalni sila (N) 1284.2 (8,2) 1721 (7,5) 1351(4,3) 2 035 (3,3)
Maximalni prithyb (mm) 13,3 (8,4) 9,9 (4,6) 10,7 (9,6) 13.0(7,3)
Min. ohybovy polomér (mm) 594 (9,2) 467,7 (5,7) 374,6 (4,3) 491,4 (9,8)
Koeficient ohyvatelnosti 0,0168 (10,5) 0,0191 (6,3)  0,0240 (6,7) 0,0203 (5,4)

Hodnoty v zavorkach jsou varia¢ni koeficienty (%)

Vzhledem ke zhust'ovani jednotlivych vrstev ve skladbé testovaného vrstveného
materialu, kdy vlivem samotného zhuStovani dochazi také k vyznamnym morfologickym
zménam, dochdzi hlavné ke zménam drsnosti lepeného povrchu. Tato problematika byla
feSena v ¢lancich 2-3 (The Influence of Thermomechanical Smoothing on Beech Wood
Surface Roughness, Shear Bond Strength of Two-Layered Hardwood Strips Bonded with
Polyvinyl Acetate and Polyurethane Adhesives), kdy jsme dosli k zavéru, Ze vlivem
zhustovani ve vSeobecnosti dochazi ke snizovani smykové pevnosti. Mirného nérustu
symkové pevnosti bylo dosazeno u lepenych prvki s vyssi tloustkou, ackoliv tento narust
byl pouze mirného charakteru. Z hlediska pouzitého adheziva byla vy$s$i smykova
pevnost zjiSténa u prvka lepenych PVAc lepidlem, ackoliv rozdil mezi PVAc a PUR
lepidlem byl pouze 1,7% ve prospéch PV Ac lepidla. Z hlediska lepeni zhusténych prvkl
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bylo zjisténo, Ze v piipadé¢ kombinaci rizné zhusténych prvkid byla dosazena nizsi
smykova pevnost nez v pripad¢ lepeni prvkil o stejném stupni zhusténi. V ptipad¢ lepeni
zhusténych prvki se prokazaly PUR lepidla jako efektivnéjsi, coz je opacny trend nez
v ptipad¢ nezhusSteného dfeva. Pii lepeni PUR lepidlem byla smykova pevnost
ve vSeobecnosti vyssi 0 9,1%.

Z hlediska bliz§i analyzy zmény drsnosti ovliviiujici kvalitu lepeného spoje
pfi vyuziti modifikace zhuStovanim byl feSen clanek 2 (The Influence of
Thermomechanical Smoothing on Beech Wood Surface Roughness). Z hlediska
zhu$t'ovani a jeho dopadu na zménu drsnoti povrchu je nutné brat v potaz vicero faktorti
jako je tlak, teplota, doba stabilizace v lisu. Vysledky tohto ¢lanku poukazuji na vliv
téchto faktori na zmény drsnosti skrz charakteristiku (R,) tedy aritmeticky primér
odchylky od vyhodnocovaného profilu. Vzhledem k dosazenym vysledkiim, mizeme
tici, Ze vlivem zhustovani se R, sniZila v obou sledovanych smérech vzhledem k orientaci
dfevnich vldken. V podélnémé sméru vldken se R, snizovalo v rozsahu od 1540 %
a ve sméru kolmém k prubéhu vlaken bylo dosazeno podobného procentualniho poklesu
1543 %. Vlivem zvyseni teploty nedochazelo ke staticky vyznamné zméné drsnosti
povrchu vyjadiené parametrem R,. Naopak zvySovanim tlaku bylo dosaZeno vyrazngjsiho
poklesu hodnot R, Tyto zmény vysvétluji vyslednou kvalitu lepenych spojl, kdy
do urcité miry mize byt zhustovani dfeva ve skladbé lepeného materidlu pozitivnim
faktorem ovliviiyjicim kvalitu lepeného spoje, nicméné pii vySSich stupnich zhusténi
z diivodu piiliSného vyhlazovani se tento proces modifikace dieva jevi kontraproduktivné

vzhledem ke kvalité lepeného spoje.

Vysledné analyzy priibéhu naméahani vrstvenych materidli ze zhusténych lamel
a jejich kombinaci s vysokopevnostnim komponenty jsou podrobné& popsany v €lancich
4-7. (Deflection of Densified Beech and Aspen Woods as a Function of Selected Factors,
Impact of Selected Factors on the Bending Forces at the Proportionality Limit and Yield
Point in Laminated Veneer Lumber, Effect of Selected Factors on the Bending Deflection
at the Limit of Proportionality and at the Modulus of Rupture in Laminated Veneer
Lumber, Laminated Venner Lumber with Non-Wood Components and the Effects of
Selected Factors on Its Bendability) a odeslnych manuskriptech 1-3 (Properties of Wood-
Based Composites Manufactured of Densified Beech Wood in Viscoelastic and Plastic
Region Force — Deflection Diagram (FDD), Bending Work of Laminated Materials Based

on Desnsified Wood and Reinforcing Components, Densification and Reinforcement of
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Layerd Wood and its Influence on Bending Potential). V rdmci vyhodnocovani
sledovanych ohybovych mechanickych charakteristik, byl tento vyzkum z ¢asti vyuzit
pro vytvoreni nastroje pro presnou analyzu silové pruhybového diagramu, ¢imz tato prace
prispéla ke vzniku softwaru MATESS, ktery byl primarné vystupem projektu programu
GAMA Technologické agentury CR (GAMA TACR TG03010020). Kdy tento software
pracuje v nckolika krocich (Cisténi dat a interpolace chybé&jicich hodnot, mistni

vyhlazovani pracovniho diagramu, detekce meze pevnosti a meze umérnosti a nasledné

vyhodnoceni zbyvajicich charakteristik) viz obrazek 40.

Obr. 40 Proces zpracovani pracovnich diagrami softwarem MATESS

Pti vypoctu modulu pruznosti a pevnosti dieva se bere v uvahu zejména zatizeni
a odpovidajici prithyby v mezich imérnosti a pevnosti. Tvar kiivky silové pruhybového
diagramu v plastické oblasti je vSak velmi dillezity pro zjisténi analyzu chovani materialt

v plastick¢é oblasti namédhani. Byly zjiStovany hodnoty tangentovych moduli
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a secnicového modulu, protoze tyto hodnoty poskytuji dilezité informace o chovani
dfeva v pripadé ndhodného pietizeni, kdyz zatizeni presdhne linearni oblast namahani.
Zhusténi lamel ma za nésledek zvySeni hodnot tangentovych modulti. Mezi stupni
zhuSténi vykazovaly nejlepsi vysledky lamely zhusténé o 10 % své tloustky. Se
zvySujicim se stupném zhusténi, zejména pii zhusténi o 30 a 40 %, doslo k mirnému
poklesu hodnot tangentovych modulll ve srovnani s lamelami zhusténymi o 10%, a to
navzdory skute¢nosti, ze zhusténi vedlo k téméf linedrnimu zvySeni hustoty. Podobny
trend byl sledovan také u modulu pruznosti. U lamel s vyssi tlouStkou byly narusty
tangentovych modull a se¢nicivého modulu nizsi nez v piipadé nizzsi tloustky lamel.
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Tyto vysledky je mozné vidét na obrazku 41.

Obr. 41 Zména modulu pruznosti, tangentovych modulii a se¢nicivého modulu dieva

vlivem zhus$t’ovani

Vliv hustoty zménéné procesem zhustovani je evidentni. Nicmén¢ je také mozné
pozorovat neefektivni zustovani pii vyssich stupnich zhusténi (30-40%), coz je dané
zvolenou metodou zhuStovani. Je mozné pozorovat mirn€¢ odlisné trendy zmén
tangentovych moduli pii 5 mm a 9 mm zhusténych lamelach. Zmény hustotnich profili
vysvétlujici odlisné zmény tangentovych modultd jednotlivych typti lamel je mozné vidét

na obrazku 42.
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Obr. 42 Zména tangentovych moduli a se¢nicivého modulu dfeva vlivem zhust'ovani

Lze konstatovat, Ze pii aplikaci vysoko pevnostnich komponenti ve vrstvené
skladbé materidlu (obrazek 43) existuje silnd zavislost na zmén¢ hodnot tangentovych
modull a secnicového modulu a na zakladé vysledkl lze konstatovat, ze pii aplikaci
vysokopevnostnich komponentii ve skladbé s lamelami zhusSténymi do 20% neexistuje
statisticky vyznamny rozdil mezi aplikaci skelnych a uhlikovych vlaken, zatimco vysoko
pevnostni komponenty na bazi uhlikovych vldken maji lepsi vysledky v ptipad¢ skladby
vrstvené¢ho materialy skladajiciho se z lamel zhusténych o 30 % a 40%. Tento trend je
mozné vysvétlit morfologickymi zménami povrchu dieva vlivem zhu$téni a zménou

afinity jednotlivych vrstev, které byly popsany vyse.
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Obr. 43 Zména tangentovych moduli a se¢nicivého modulu vrstvenych materiali na bazi

dfeva a vysokopevnostnich komponenti

V ramci stanovenych mechanickych vlastnosti byla také feSena problematika
ohybové préace a potencidlu. Vysledky ohybové prace poukazujici na mnozstvi energie
pottebné pro ohyb daného materidlu je mozné vidét na obrdzku 44. Jelikoz se jedna
o charakteristiku vztahujici se k celkovému objemu je mozné vidét znacné rozdily mezi
5 mm a9 mm vstupnimi lamelami. U obou tloust’¢k se ovSem prokazuje stejny trend
zmén hodnot vlivem zhuStovéani. Narust prace v pruzné oblasti je mozny pozorovat
u lamel zhusténych o 10 % a 20 % a naopak jeho pokles pfi vySSich stupnich zhusténi.
Plasticka prace se snizuje u vSech stupnu zhusténi, ale v pripadeé 30% a 40% zhusténi je
pokles vyrazné¢jsi. Hustota materialu mé tedy vyznamny vliv jak na elastickou, tak na
plastickou préci, vztah vSak nebyl linearni pro celou zkouSenou oblast zhustovani. Bylo
také zjiSténo, ze uroven zhuzhusténi o 10% je optimalni, pokud jde o zlepSeni pruzné,
plastické a celkové ohybové prace v obou zkousSenych tloustkach (5 a 9 mm). ZvySeni
celkové prace v dasledku zhusténi je zpisobeno hlavné zvySenim ohybové prace v
elastické oblasti, protoZe zhustovani zplsobovalo mirné snizovani plastické prace pfi

ohybani.
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Obr. 44 Vliv stupiiii zhustovani dfeva na ohybovou praci

Vysledky zmén ohybového potencidlu vlivem zhusténi (obrazek 45) ukazuji na
vyznamny G¢inek zhu$téni a koreluji tedy s vysledky stanoveni ohybové prace. Hustota
materidlu ma vyznamny vliv na elasticky i plasticky potencial, vztah vS§ak nebyl linearni
pro celou zkouSenou oblast zhustovani. U jednotlivych lamel byl nejvyssi ucinek
prokazan pii 20% zhusténi jak u 5 mm, tak u 9 mm lamel. Se zvySujicim stupfiem
zhusténi, zejména o 30 % a 40%, lze pozorovat pokles hodnot ohybového potencidlu
vzhledem k hodnotam ziskanych pii20% zhu$téni. U jednotlivych lamel nebyla u
plastického potencidlu pozorovana zadna vyznamna zavislost na zhusténi. Nicmén¢ je
mozné videt, ze celkovy potencial a potencial elasticky maji prakticky stejny trend zmén
vzhledem k jednotlivym stupiitim zhus$téni. Bylo zjiSténo, Ze Uroven 20% zhusténi je
optimalni, pokud jde o zlepSeni elastického, plastického a celkového ohybového
potencialu v obou zkouSenych tlouStkach lamel (5 a 9 mm). ZvySeni celkového
potencialu v disledku zhusténi je zplisobeno hlavné zvySenim ohybového potencidlu v
elastické oblasti. Dulezitym poznatkem je také zmeéna poméru mezi elastickym
a plastickym ohybovym potencidl, kdy vlivem zhustovani dochdzelo ke zlepSeni tohoto

pomeéru ve prospéch elastické ohybového potencialu.
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Obr. 45 Vliv stupiiii zhustovani dieva na ohybovy potencial

U vrstveného zhustovaného dieva s aplikaci vysokopevnostnich komponenti je
mozné z hlediska ohybové prace pozorovat rozdilné trendy pti aplikaci skelnych
a uhlikovych vldken (obrazek 46). Ve vétsing ptipadl se projevily uhlikové vlakna jako
vhodnéj$i vyztuzny komponent jak pro elasticou tak pro plastickou praci, kromé
materidlu slozeného z lamel zhusténych o 20%. Rozdily mezi uhlikovymi a sklenymi
vlakny u materiald sloZzenych z5 mm lamel byly u elastické prace statisticky
nevyznamné. U plastické prace se statistickd vyznamnost projevila ve prospéch
uhlikovych vladken hlavné u vySSich stupiiu zhuSténi. Vyznamnégjsi statistické rozdily
mezi aplikaci skelnych a uhlikovych vlaken, hlavné u plastické prace byly zaznamenany
u vrstvenych materiali slozenych z 9 mm vstupnich lamel. Podobné jako u vrstvenych
materialli z 5 mm lamel bylo 1 u materialt sloZenych z 9 mm lamel zhusténych o 20 %
dosazeno vyssi plastické prace v piipadé aplikace skelnych vldken. Kdyz ale budeme
sledovat kombinovany efekt zhuStovani a vyztuzovani, lze uvést, ze =z hlediska
zhustovani je optimalnim stupném zhusténi jak z pohledu elastické tak plastické prace

10% zhusténi bukovych lamel.
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Obr. 46 Vliv vrstveni zhust’ovaného di‘eva a vysokopevnostnich komponentti na ohybovou

praci

Z hlediska elastického potencidlu (obrazek 47) u vrstvenych materialti na bazi
zhusténého dfeva a vysokopevnostnich komponentii 1ze pozorovat odlisny trend zmén
hodnot s ohledem na vstupni tlouStku lamel. Obecné lze fict, Ze v ptipadé€ elastického
potencialu u materidlu se vstupni tloustkou lamel 5 mm se projevoval vysokopevnostni
komponent na bazi uhlikovych vldken 1épe neZ komponent na bazi skelnych vldken.
Naopak u materidlu se vstupnimi lamelami 9 mm vidime postupné zvySovani hodnot
v dtsledku zhusténi a obecné lze fici, ze pfi aplikaci skelnych vldken byly zaznamenany
vyssi hodnoty elastického potencidlu, s vyjimkou materidlu slozeného z nezhusténych
lamel. V pfipad€ plastického potencidlu lze pozorovat také meénici se trend, pokud
jde o vstupni tloustku lamel. Lze vSak fici, Ze vyS$i hodnoty plastického potencidlu
1ze obecné pozorovat pii aplikaci uhlikovych vlaken (s vyjimkou materialii sloZzenych
z lamel zhusténych o 20 %). Trend zmén hodnot plastického potencidlu se vyraznou
mérou podepisuje na celkovém potencialu. Nejvyssi hodnoty celkového potencidlu byly
zaznamenany u materialu sestavajiciho z lamel zhust'énych o 40% pfi aplikaci uhlikovych
vldken. Je tedy mozné vidét vyrazné rozdily v chovani samotného zhusténého dreva
a vrstveného difeva na bazi zhuSténych lamel kombinovaného s vysoko pevnostnimi
komponenty. Pii kombinaci jak zhusténi, tak vyztuZzovani, byl vykon vyztuzenych vzorka
zhusténych o 10% shledan optimalnim z hlediska elastického i plastického potencidlu, i

kdyz se vyztuzné komponenty jevily efektivnéji pti vyssich stupnich zhus§téni.
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Obr. 47 Vliv vrstveni zhust'ovaného dieva a vysokopevnostnich komponenti na ohybovy

potencial

V ramci cill této disertacni prace byl také zamér vytvofit a ovéfit matematicky
pristup pro stanoveni teoretického modulu pruznosti, ktery by mohl slouzit jako néstroj
pro optimalizaci skladby vrstvenych materiali vzhledem k pozadovanym vlastnostem.
V ramci tohoto cile byl také vyhodnocovan modul pruznosti vrstvenych materialli na bazi
zhustovaného dieva. Obrazek 48 ukazuje ucinek vstupni tloustky lamel bez ohledu na

stupné zhusténi na métené (E,,) a teoretické (E;) hodnoty modulti pruznosti. Vysledky

A4

ukazuji, ze vysSich hodnot modulu pruznosti lze dosdhnout pouzitim lamel s mensi
tloustkou. To bylo také statisticky podloZeno. Jednotny rozdil mezi naméfenym a
pfedpovézenym modulem pruznosti (AE) zjiSténym statistickym hodnocenim naznacuje,
ze tloustka jednotlivych lamel nemé vliv na pfesnost matematického piistupu pro dvou

vrstvé materialy.
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Obr. 48 Vliv tloust’ky vstupnich lamel na hodnoty modulu pruznosti (Em a E¢)
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Vysledky celkového ucinku typu testovaného materidlu na charakteristiky £, a E;
lze vidét na obrazku 49. Tyto vysledky naznacuji, Ze u lepenych lamel se vstupni
tloustkou 5 mm jednotlivych lamel doslo k velmi vyznamnému zvySeni namétenych
hodnot modul pruznosti (o 22 %) s 10% zhu$ténim vzhledem k nezhu$ténym lepenym
lameldm stejné tloustky. U lepenych 5 mm lamel zhusténych o 20% bylo zvySeni modulu
pruznosti kolem 24 %. Dalsi stupn¢ zhusténi (30% a 40%) u materiala se vstupnimi 5 mm
lamelami vSak ukézalo pokles modulu pruznosti, i kdyZ hodnoty byly vyznamné vyssi,
pokud jde o nezhusténé lepené lamely. Mirn¢ odlisny trend v hodnotach méfeného
modulu pruznosti byl dosazen u materiala se vstupni lamelou o tloust’ce 9 mm, kde byl
nartist hodnot ovlivnén zhuSténymi lamelami. Materidly vytvoiené z 10% zhusténych
lamel vykazovaly 7% narGst v modulu pruZznosti ve srovnani s materidly sloZenymi
z nezhusténych lamel. NarGst modulu pruZznosti dosahl 16 % s lamelami zhu§ténymi
0 20%. Nejvyssiho narGstu modulu pruznosti o 19 % bylo dosazeno u materiali
slozenych z lamel zhutnénych o040 %. Hodnoty vypocitaného toretického modulu
pruznosti ve vSech ptipadech nadhodnocovaly redlné¢ méfené hodnoty modulu pruznosti.

Correlation: r =,91533
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Obr. 49 Vliv vrstveni zhu§t’ovaného dieva na hodnoty modulu pruznosti (Ex a Ey)

Obrazek 49 ukazuje také korelaci mezi naméfenym a teoretickym modulem
pruznosti bez ohledu na tlouStku materidlu a stupenn zhutnéni s 95% intervalem
spolehlivosti. Vysledky (r = 0,915) naznacuji velmi silny vztah mezi naméfenym
a vypocitanym modulem pruznosti vrstvenych difeva, coz naznacuje, Ze model muze byt
pouzit ke stanoveni modulu pruznosti dvou vrstvovych materidlli na bazi dieva. Pii
aplikaci tohoto modelu na skladby materidlti s vysokopevnostnimi komponenty
dochazelo k vysokému nadhodnocovani modulu pruznosti vzhledem k redlné¢ métenym
hodnotam. Tento negativni vysledek se da vysvétli neefektivnim prenosem vlastnosti

vysokopevnostnich komponentd.
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7 Zavéry a prinosy

Hlavni ptinos disertacni prace je komlexni popis chovani specifickych paralelné
vrstvenych materiall na bazi zhustovaného dfeva a vysokopevnostnich komponenti
pfi naméahani ohybem. Predkladany vyzkum obsahuje data o vlivech jednotlivych faktort,
jako jsou stupné zhustovani dievni substance, tloustky jednotlivych vrstev a aplikace
vysokopevnostnich komponentii na sledované ohybové charakteristiky. Konkrétné se
jednd o stupné zhust'ovani v rozmezi od 10 % do 40 % vzhledem k pivodni tloustce
materialu. Z hlediska vstupnich tloustek byly feSeny lamely o tloustkach 5 a 9 mm. Jako
vysoko pevnostnikomponenty byly pouzity materidly na bazi uhlikovych a skelnych

vlaken.

Kromé¢ hlavnich pfinost tykajicich se stanoveni vlivi jednotlivych faktort
na sledované vlastnosti bylo v rdmci této prace feSeno vytvofeni néstroje pro piesnou
identifikaci ohybovych vlastnosti. Tento nastroj vznikl z ¢asti prave diky experimentalni
Casti této disertacni prace, jedna se o software MATESS, ktery byl hlavnim vystupem
projektu programu GAMA Technologické agentury CR (GAMA TACR TG03010020).
Dalsim ptfinosem je také vytvoreni a ovéfeni matematické metody stanoveni teoretického
modulu pruznosti pro vrstvené materidly pomoci geometrickych parametrt jednotlivych
vrstev a také pomoci tuhosti jednotlivych vrstev ve skladbé paralelné vrstvenych
materiald. Z disertacni prace mohou byt na zakladé vysledka experimentalni ¢asti prace
vyvozeny nasledujici hlavni zavéry:

1. Vyznamnym faktorem ovliviiuyjicim vysledné mechanické vlastnosti paralelné
vrstvenych materidlll je volba adhezivniho prostfedku a jeho afinita k danému
lepenému povrchu. V ramci lepeni zhusténych lamel dochazi s vyS$Simi stupni
zhuStovani k vyhlazovani povrchu jak v podélném tak pficném sméru vzhledem
k orientaci vlaken, kdy do ur¢it¢é miry mize byt zhustovani dfeva pozitivhim
faktorem ovlivilujici kvalitu lepeného spoje, nicméné pii vysSich stupnich
zhusténi se tento proces modifikace dieva jevi kontraproduktivné. V rdmci zmény
povrchovych vlastnosti vlivem zhuStovani byl také ovlivnén vztah mezi lepenymi

dfevnimi prvky a vysokopevnostnimi komponenty.

2. Zhlediska samotného zhustovéani, kdy dochdzelo témét k linedrnimu narustu
hustoty vzhledem k jednotlivym stupiitim zhusténi (10-40% zhusténi vzhledem
k pivodni tlouStce) danym zpasobem zhuStovani, mulzeme uvést,

ze nejefektivnéj$imi stupni pro 5 mm lamely bylo hlavné zhusténi o 10 %, kdy
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pfi vysSich stupnich zhus§téni byly sledované mechanické charakteristiky zlepSené
vzhledem k referenci, ale statisticky nevyznamné k lameldm zhusténych o 10%.
V piipadé 9 mm lamel byl tento trend podobny s rozdilem, ze se jako efektivni
zpusob prokéazal kromé& 10% zhus$téni také 20% zhusténi. V piipad¢ vysSich
stupiii zhusténi byly sice dosazeny vyssi hodnoty, ale ze statistického pohledu

bylo toto zvySeni nevyznamné.

Aplikace vysokopevnostnich komponentli na bazi skelnych a uhlikovych vldken
se prokazala jako vyznamny faktor ovliviujici sledované ohybové
charakteristiky. Pfi vyztuZovani zhuSténych prvkd do 20% je mozné uvést,
zenebyla sledovdna 74dnd statisticka vyznamnost mezi jednotlivymi
vysokopevnostnimi komponenty. Ve v§eobecnosti je mozné uvést, ze mirné vyssi
vlastnosti byly pozorovany pfi aplikaci sklenych vldken. Nicméné pii vyztuzovani
dfeva zhu$tén¢ho o 30-40% se z pohledu statistické vyznamnosti jevila lépe

uhlikova vlakna.

V ramci hodnoceni sledovanych mechanickych vlastnosti, vznikl z ¢asti diky této
disertacni préaci software MATESS, ktery umoziiuje velmi pfesnou a rychlou
identifikace hrani¢nich bodii a nasledny vypocet vybranych mechanickych
charakteristik v ohybu na zikladé realného pribéhu silové prihybovych
diagramil.

V ptipadé vytvofeni a ovéfeni matematického zplisobu stanoveni teoretického
modulu pruZnosti vrstvenych materiali na zakladé jejich geometrickych
parametrQ a jejich tuhosti, miiZze byt na zavér uvedeno, Ze 1ze pomérné presné
vyuzivat pro dvou vrstvé materidly cist€é na bazi dieva, kdy na zakladé
statistického hodnoceni 1ze fici, Ze mezi redlné méfenymi a vypocitanymi
teoretickymi moduly pruZznosti neni statisticky vyznamny rozdil, ve vSech
ptipadech dochdzi k mirnému nadhodnoceni materidlu. U materidlti vyuZivajici
vyztuzné vysokopevnostni komponenty byly zaznamenéany statisticky velmi
vyznamné rozdily mezi redlné ziskanymi moduly pruznosti a vypocitanymi
teoretickymi moduly pruznosti, kdy ve vSech ptipadech dochazelo k velmi
vyznamnému nadhodnoceni modulu pruznosti. Z tohoto pohledu bude nutné
v pfipad€ vyuzivani vysokopevnostnich komponentii upravit matematicky ptistup
a zohlednit objemovy podil vlaken vzhledem k celkovému objemu materialu

a zohlednit vzakemnou afinitu rozdilnych material.

91



8 Seznam pouzité literatury

1.

10.

11

12.

13.

14.

15.

Amy, K., a Svecova, D. (2004). “Strengthening of dapped timber beams using
glass fiber reinforce polymer bars”, Canadian Journal of Civil Engineering, 31,
943-955. DOI: 10.1139/104-063

André, A. (2007). “Strenthening of timber structures with flax fibres”, Licentiate
thesis, Luled University of Technology. ISSN: 1402-1757

. Babiak, M., Gaff, M., Sikora, A., a Hysek, S. (2018). “Modulus of elasticity in

three-and four-point bending of wood”, Composite Structures, 204(15), 454-465.
DOI: 10.1016/j.compstruct.2018.07.113

Bal, B. C. (2016). “Some technological properties of laminated veneer lumber
produced with fast-growing Poplar and Eucalyptus”, Maderas, Ciencia y
tecnologia, 18(3). DOI: 10.4067/S0718-221X2016005000037

Bekhta, P., Proszyk, S., Krystofiak, T., Sedliacik, J., Novak, 1., a Mamonova, M.
(2017). “Effects of short-term thermomechanical densification on the structure
and properties of wood veneers”, Wood Material Science and Engineering, 12 (1),
40-54. DOI: 10.1080/17480272.2015.1009488

Belgacem, M. N., a Pizzi, A. (2016). “Lignocellulosic fibers and wood handbook:
renewable materials for today’s environment”, Scrivener Publishing LLC.
ISBN:978-1-118-77352-9

Bergander, A., a Salmén, L. (2002). “Cell wall properties and their effects on the
mechanical properties of fibers”, Journal of Material Science 37, 151-156. DOLI:
10.1023/A:1013115925679

. Bezazi, A., a Scarpa, F. (2007). “Mechanical behavior of conventional and

negative Poisson’s ratio thermoplastic polyurethane foams under compressive
cyclic loading”, International Journal of Fatigue, 29(5), 922-930. DOI:
10.1016/j.1jfatigue.2006.07.01

Blomberg, B., Persson, A., a Blomberg, A. (2005). “Effects of semi-isostatic
densification of wood on the variation in strength properties in density”, Wood
Science and Technology, 39(5), 339-350. DOI: 10.1007/s00226-005-0290-8
Blomberg, J. (2006). “Mechanical and physical properties of semi-isostatically
densified wood”, Doctoral thesis, Luled University of Technology, Sweden, pp.
62. ISSN 1402-1544

. Bodig, J., a Jayne, B. A. (1982). “Mechanics of Wood and Wood Composites”,

Van Nostran-Reinhold CO, Inc., New York, pp. 712. ISBN: 0-89464-777-6
Bolotin, V. V. (1996). “Delaminations in composite structure: its origin, buckling
growth and stability”, Composites: Part B, 27 (2), 129-145. DOI: 10.1016/1359-
8368(95)00035-6

Borri, A., Corradi, M., a Grazini, A. (2005). “A method for flexural reinforcement
of old wood beams with CFRP materials”, Composites: Part B, 36, 143-153. DOI:
10.1016/j.compositesb.2004.04.013

Bowes, B. G. (1996). “A colour atlas of plant structure”, Manson Publishing Ltd.,
United Kingdom, London, pp. 192. ISBN: 1874545162

Brandt, C. H., a Fridley, K. J. (2003). “Effect of load rate on flexural properties
of wood-plastic composites”, Wood and Fiber Science. 35(1), 135-147.

92


https://doi.org/10.1139/l04-063
https://doi.org/10.1016/j.compstruct.2018.07.113
https://doi.org/10.1080/17480272.2015.1009488

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

BS EN 1995-1-1:2004+A2:2014 (2014). Eurocode 5: Design of timber structures.
General. Common rules and rules for buildings. ISBN: 978-0-580-83727-2
Bucur, V. (2014). “Delamination in Wood, Wood Products and Wood-Based
Composites”, Springer, pp. 401. ISBN: 9400789726

Buell, T. W., a Saadatmanesh, H. (2005). “Strengthening timber bridge beams
using carbon fiber”, Journal of Structural Engineering, 131, 173-187. DOI:
10.1061/(ASCE)0733-9445(2005)131:1(173)

Carling, O. (2001). “Limtrdhandboken”, ISBN 91-631-1453-4

Clair, B. (2001). “Etude des propriétés mécaniques et du retrait au séchage du bois
a I’échelle de la paroi cellulaire : essai de compréhension du comportement
macroscopique paradoxal du bois de tension a couche gélatineuse”, Sciences du
Vivant, AgroParisTech. tel-00008857

CSN EN 14080 (2013). “Dievéné konstrukce-Lepené lamelové dfevo a lepené
rostlé dfevo-Pozadavky”. ICS: 79.060.99

CSN EN 205 (2017). “Lepidla — Lepidla na dfevo pro nekonstrukéni aplikace —
Stanoveni pevnosti ve smyku pfi tahovém naméhani preplatovanych spojia”. ICS:
83.180

Dad’ourek, K. (2007). “Kompozitni materialy-druhy a jejich uziti,“ Liberec,
Technické univerzita v Liberci”, pp. 114. ISBN: 978-807372279-1

Dagher, H. J., Kimball, T. E., Shaler, S. M., a Beckry, A. M. (1996). “Effect of
FRP reinforcement on low grade eastern hemlock glulams”, National Conference
on Wood Transportation Structures, Madison, USA

Dai, L. (2006). “Carbon Nanotechnology: recent developments in Chemistry,
Physics, materials science and device applications”, Elsevier Science, pp. 750.
ISBN: 9780444518552

Dinwoodie, J. M. (2000). “Timber: its nature and behaviour”, E and FN Spon, pp.
272. ISBN: 0-203-47787-1

Down, J. L., MacDonald, M. A., Tétreault, J., a Williams, R. S. (1996). “Adhesive
testing at the Canadian Conservation Institute-an evaluation of selected poly(vinyl
acetate) and acrylic adhesives”, Studies in Conversation, 41(1), 19-44. DOI:
10.1179/51c.1996.41.1.19

Dwianto, W, Inoue, M., a Norimoto, M. (1997). “Fixation of compressive
deformation of wood by heat treatment”, Journal of the Japan Wood Research
Society, 43 (4), 303-309.

Ehsani, M., Larsen, M., a Palmer, N. (2004). “Strengthening of old wood with
new technology”, Structure magazine, 19, 19-21.

Eilmann, B., Sterck, L., Wegner, L., de Vries, S. M. G., Von Arx, G., Mohren, G.
M. J., den Ouden, J., a Sass-Klaassen, U. (2014). “Wood structural differences
between northern and southern beech provenances growing at a moderate site”,
Tree Physiology 34(8), 882-893. DOI: 10.1093/treephys/tpu069.

Ek, M., Gellerstedt, G., a Henriksson, G. (2009). “Wood Chemistry and
Biotechnology”, Walter de Gruyter GmbH and Co, Berlin. ISBN 978-3-11-
021339-3.

93



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Ellis, S., a Steiner, P. (2002). “The behaviour of five wood species in
compression”, LAWA Journal, 23(2), 201-211. DOI: 10.1163/22941932-
90000298

EN 310 (1993). “Wood-based panels. Determination of modulus of elasticity in
bending and of bending strength”, European Committee for Standardization,
Brussels, Belgium

Fiorelli, J., a Dias, A. A. (2003). “Analysis of the strength and stiffness of timber
beams reinforced with carbon fiber and glass fiber”, Material Reaserch, 6, 193-
202. DOI: 10.1590/S1516-14392003000200014

Florek, S., Steller, S., a Vojta, A. (2009). “Lepené lamelové dievo vyztuzené
vlaknitymi kompozity”, Dfevo-Surovina 21. Stoleti v Architektufe a stavebnictvi,
ADAPT, Bratislava, Slovakia, 43-48.

Frese, H., a BlaB. (2006). “Characteristic bending strenght of beech glulam”,
Material and Structures, 40(1), 3-13. DOI: 10.1617/s11527-006-9117-9

Gaff, M., a Gasparik, M. (2015). “Influence of densification on bending strength
of laminated beech wood”, BioResources 10 (1), 1506-1518. DOI:
10.15376/biores.10.1.1506-1518

Gaff, M., Babiak, M., Vokaty, V., a Ruman, D. (2017a). “Bending characteristics
of hardwood lamellae in the elastic region ", Composites Part B Engineering
116(1), DOI: 10.1016/j.compositesb.2016.12.058

Gaff, M., Gasparik, M., Babiak, M., a Vokaty, V. (2017b). “Bendability
characteristics of wood lamellae in plastic region”, Composite Structures 163,
410-422. DOI: 10.1016/j.compstruct.2016.12.052

Gaff, M., Vokaty, V., Babiak, M., a Bal, B. C. (2016). “Coefficient of wood
bendability as a function of selected factors”, Construction and Building Materials
126, 632-640. DOI: 10.1016/j.conbuildmat.2016.09.085

Gasparik, M., Gaff, M., Safatikova, L., Vallejo, C. R., a Svoboda, T. (2016).
“Impact bending strenght and Brinell hardness of densified hardwoods”,
BioResources 11(4), 8638-8652. DOI: 10.15376/biores.11.4.8638-8652

Gentile, C., Svecova, D., a Rizkalla, S. H. (2002). “Timber beams strengthened
with GFRP bars: development and applications”, Journal of Composites for
Construction, 6 (1), 11-20. DOI: 10.1061/(ASCE)1090-0268(2002)6:1(11)

Glos, P., Denzler, J. K., a Linsenmann, P. (2004). “Strenght and stiffness
behaviour of beech laminations for high strength glulam”, in: Proceedings
Meeting 37 CIB Working Commission W18-Timber Structures, paper CIB-
W18/37-6-3.

Green, D. W., Winandy, J. E., a Kretschmann, D. E. (1999). “Mechanical
properties of wood”, Wood handbook: wood as an engineering material. Madison,
WI : USDA Forest Service, Fores Products Laboratory. pp. 4-1-4.45.

Hajek, M., Kubova, P., Gaff, M., Sarvasova-Kvietkova, M., Kacik, F., GasSparik,
M., Jankovsky, M., Lieskovsky, M., Gejdos, M., Tribulova, T, a Svoboda, T.
(2018). “Lesnickd bioekonomika”, Ceska zemé&délska univerzita v Praze. ISBN:
978-80-213-2838-9

Heger, F., Groux, M., Girardet, F., Welzbacher, C., Rapp, A. O. a Navi, P. (2004).
“Mechanical and durability performance of THM-densified wood”, in: Final

94



47.

48

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Workshop Cost Action E22: Environmental Optimitation of Wood Protection, pp.
1-10.

Hill, C. (2006). “Wood Modification: Chemical, Thermal and Other Processes”,
England: Willey Publ. ISBN 978-0-470-02172-9

. Hoffmeyer, P. a Pedersen, J. G. (1995). “Evaluation of Density and Strength of

Norway Spruce Wood by Near-Infrared Reflectance Spectroscopy”, Holz Als
Roh-Und Werkstoft, 53(3), 165-170. DOI: 10.1007/BF02716418

Chao, X., Qi, W., Tian, X., Hou, W., Ma, W., a Li, H. (2017). “Numerical
evaluation of the influence of porosity on bending properties of 2D carbon/carbon
composites”, Composites Part B 136, 72-80. DOI:
10.1016/j.compositesb.2017.10.027.

Chung, D. D. L. (2017). “3 - Polymer-Matrix Composites: Structure and
Processing”, Carbon Composites, Composites with Carbon Fibers, Nanofibers
and Nanotubes, 161-217. DOI: 10.1016/B978-0-12-804459-9.00003-8

Inoue, M., Norimoto, M., Otsuka, Y., Yamada, T., Tanahashi, M., a Rowel, R. M.
(1993). “Steam or heat fixation of compressed wood”, Wood and Fiber Science.
25 (3), 224-235.

ISO 13061-1 (2014). “Physical and mechanical properties of wood — test methods
for small clear wood specimens — Part 1: Determination of moisture content for
physical and mechanical tests”. International Organization for Standardization.
Geneva. Switzerland.

ISO 13061-2 (2014). “Physical and mechanical properties of wood — test methods
for small clear wood specimens — Part 2: Determination of density for physical
and mechanical tests”. International Organization for Standardization. Geneva.
Switzerland.

ISO 13061-3 (2014). “Physical and mechanical properties of wood — Test
methods for small clear wood specimens — Part 3: Determination of ultimate
strength in static bending”. International Organization for Standardization.
Geneva. Switzerland.

John, K. C., a Lacroix, S. (2000). “Composite reinforcement of timber in
bending”, Canadien Journal of Civil Engineering, 27, 899-906. DOI: 10.1139/100-
017

Johnsson, H., Blanksviard, T. a Carolin, A. (2007). “Glulam members
strengthened by carbon fibre reinforcement”, Material and Structures, 40, 47-56.
DOI: 10.1617/s11527-006-9119-7

Kamke, F. A. (2006). “Densified radiate pine for structural composites*, Maderas
Ciencia y Tecnologia, 8(2), 83-92. DOI: 10.4067/S0718-221X2006000200002
Kamke, F. A., a Sezemore, I. I. I. H. (2004). “Viscoelastic thermal compression
of wood®, U. S. Patent, No. 7,404,422.

Kariz, M., Kuzman, M. K., Sernek, M., Hughes, M., Rautkarim L., Kamke, F. A.
a Kutnar, A. (2017). “Influence of temperature of thermal treatment on surface
densification of spruce”, European Journal of Wood and Wood Products, 75 (1),
113-123. DOI: 10.1007/s00107-016-1052-z

95



60.

61.

62

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Kellogg, R., a Wangaard, F. (1964). “Influence of fiber strength on sheet
properties of hardwood pulps”, Tappi, 47 (6), pp. 361.

Kim, S., Kim, H, Choi, Y. M., a Jang, S. (2007). “Characteristics of non-
plasticizer PVAc resin for wood products”, Mokchae Kongha, 35 (2), 61-68.

. Kim, Y., Davalos, J. F., a Barbero, E. J. (1997). “Delamination buckling of FRP

layer in laminated wood beams”, Composite Structures, 37 (3), 311-320. DOI:
10.1016/S0263-8223(98)80002-0

Kollman, F. F. P. (1936). “Technologie des Holzes. (Wood Technology)”, Verlag
von Julius Springer, Berlin.

Kollman, F. F. P., Kuenzi, E. W., a Stamm, A. J. (1975). “Principles of wood
science and technology: II wood based materials”, Springer-Verlag, Berlin,
Heidelberg, New York. ISBN: 978-642-87933-3

Kral, P., a Hrazsky, J. (2005). “Kompozitni materidly na mazi dfeva, ¢ast 2: Dyhy
a vrstvené masivni materidly”, Brno, Mendelova Zemédélskd a Lesnicka
Univerzita v Brn¢, pp. 216. ISBN: 80-7157-878-9.

Kutnar, A., a Kamke, F. A. (2012a). “Compression of wood under saturated
steam, superheated steam, and transient conditions at 150°C, 160°C, and 170°C”,
Wood Science and Technology, 46 (1-3), 73-88. DOI: 10.1007/s00226-010-0380-
0

Kutnar, A., a Kamke, F. A. (2012b). “Influence of temperature and steam
environment on set recovery of compressive deformation of wood”, Wood
Science and Technology, 46, 953-964. DOI: 10.1007/s00226-011-0456-5
Kutnar, A., Kamke, F. A., Petri¢, M., a Sernek, M. (2008). “The influence of
viscoelasti thermal compression on the chemistry and surface energetics of
wood”, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 329
(1), pp. 82-86. DOI: 10.1016/j.colsurfa.2008.06.047

Kutnar, A., Kamke, F. A., Petri¢, M., a Sernek, M. (2008). “The mechanical
properties of densified VTC wood relevant for structural composites”, Holz als
Roh- und Werkstoff, 66 (6), 439-446. DOI: 10.1007/s00107-008-0259-z

Kutnar, A., Sandberg, D., a Haller, P. (2015). “Compressed and moulded wood
from processing to products”, Holzforschung 69 (7), 885-897. DOI: 10.1515/hf-
2014-0187

Laine, K., Serholm, K., Wélinder, M., Rautkari, L., a Hughes, M. (2016). “Wood
densification and thermal modification: Hardness, set-recovery and
micromorphology”, Wood Science and Technology, 50 (5), 883-894. DOI:
10.1007/s00226-016-0835-z

Lopez-Anido, R., a Xu, H. (2002). “Structural characterization of hybrid fiber-
reinforced polymer-glulam panels for bridge decks”, Journal of Composites for
Construction, 6 (3), 194-203. DOI: 10.1061/(ASCE)1090-0268(2002)6:3(194)
Lukowsky, D. (2015). “Failure analysis of wood and wood-based products”,
McGraw Hill Education, ISBN: 978-0-07-183937-2

Madsen, B. (1992). “Structural behavior of timber”, Timber engineering Ltd,
North Vancouver, Canada, pp. 437. ISBN: 0969616201

96



75.

76.

77

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

Milton, G. W. (2002). “The Theory of Composites”, Cambridge university press,
UK. ISBN: 0-521-78125-6

Navi, P., a Girardet, F. (2000). “Effects of thermo-hydro-mechanical treatment on
the structure and properties of wood”, Holzforschung, 54 (3), 287-293. DOI:
10.1515/HF.2000.048

.Navi, P., a Sandberg, D. (2012). “Thermo-hydro-mechanical processing of

wood”, EPFL Press, Lausanne, Switzerland. ISBN: 978-1-4398-6042-7

Navi, P., Huguenin, P., a Girardet, F. (1997). “Development of synthetic-free
plasticized wood by thermohygromechanical treatment”, in: Proceedings of the
Use of Recycled Wood and Paper in Building Applications Conference, Forest
Products Society, 168-171.

Nelson, S. (1997). “Structural composite lumber”, in: Engineered Wood Products:
A Guide for Specifiers, Designers, and Users, S. Smulski (ed.), PFS Research
Foundation, Madison, WI, 147-172.

Nenadél, J. (2008). “Process performance measurement in manufacturing
organizations”, International Journal of Productivity and Performance
Management 57 (6), pp. 460-467. ISSN: 1741-0401

Nettles, A.T. (1994). “Basic Mechanics of Laminated Composite Planes”,
Marshall Space Flight Cented, MSFC, Alanama. NASA Reference Publication
1351.

Neyses, B. (2016). “Surface-Densified Wood — From Laboratory-Scale Research
Towards a Competitive Product”, Licentiate Thesis, Luled University of
Technology. ISBN: 978-91-7583-757-4

Niemz, P. (2016). “Physik des Holzes und der Holzwerkstoffe”, Educational
Material, ETH-Ziirich. DOI: 10.3929/ethz-a-010635628

Obucina, M., Kuzman, M. K., a Sandberg, D. (2017). “Use of Sustainable Wood
Building Materials in Bosnia and Herzegovina, Slovenia and Sweden”, University
of Sarajevo, Mechanical Engineering Faculty, Department Wood Technology, pp.
216. ISBN: 978-9958-601-65-1.

Ogawa, H. (2000). “Architectural application of carbon fibers: Development of
new carbon fiber reinforced glulam”, Carbon, 38, 211-226. DOI: 10.1016/S0008-
6223(99)00146-3

Parvez, A., Ansell, M. P., a Smedley, D. (2009). “Mechanical repair of timber
beams fractured in flexure using bonded-in reinforcements”, Composite Part B,
40, 95-106. DOI: 10.1016/j.compositesb.2008.11.010

Patil, P., Brabec, M., Rousek, R., Mafak, O., Rademacher, P., Cermak, P., a
Dejmal, A. (2013). “Physical and mechanical properties of densified beech wood
plasticized by ammonia”, Pro Ligno 9 (4), 195-202. ISSN-L 1841-4737

Pelit, H., Sonmez, A., a Budake¢i, M. (2015). “Effects of thermomechanical
densification and heat treatment on density and Brinell hardness of Scots pine
(Pinus sylvestris L.) and Eastern beech (Fagus orientalis L.) ”, BioResources, 10
(2),3097-3111.

97


https://www.scopus.com/record/display.uri?eid=2-s2.0-48249107026&origin=resultslist&sort=plf-f&src=s&st1=nenadal&nlo=&nlr=&nls=&sid=244b8f4114bc49f991bd319c87e08da8&sot=b&sdt=cl&cluster=scopubyr%2c%222008%22%2ct&sl=18&s=FIRSTAUTH%28nenadal%29&relpos=0&citeCnt=21&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-48249107026&origin=resultslist&sort=plf-f&src=s&st1=nenadal&nlo=&nlr=&nls=&sid=244b8f4114bc49f991bd319c87e08da8&sot=b&sdt=cl&cluster=scopubyr%2c%222008%22%2ct&sl=18&s=FIRSTAUTH%28nenadal%29&relpos=0&citeCnt=21&searchTerm=
https://www.scopus.com/sourceid/145293?origin=resultslist
https://www.scopus.com/sourceid/145293?origin=resultslist

89. Pizzi, A., Leban, J. M., Zanetti, M., Pichelin, F., Wieland, S., a Properzi, M.
(2005). “Surface finishes by mechanically induced wood surface fusion”, Holz als
Roh- und Werkstoff, 63 (4), 251-255. DOI: 10.1007/s00107-004-0569-8

90. Pizzi, A.. (1989). “Wood Adhesives: Chemistry and Technology”, Marcel Dekker
Inc., New York, ISBN 0-8247-8052-3.

91. Pozgaj, A., Chovanec, D., Kurjatko, S., a Babiak, M. (1993). “Struktira a
Vlastnosti Dieva [Structure and Properties of Wood] ”, Priroda a. s., Bratislava,
Slovakia, pp. 486. ISBN: 80-07-00960-4

92. Qiao, L., a Easteal, A. (2001). “Aspects of the performance of PVAc adhesives in
wood joints”, Pigment and Resin Technology, 30(2), 79-87. DOL:
10.1108/03699420110381599

93. Radford, D. W., Van Goethem, D., Gutkowski, R. M., a Peterson, M. L. (2002).
“Composites repair of timber structures”, Construction and Building Materials,
16, 417-425. DOI: 10.1016/S0950-0618(02)00044-2

94. Rautkari, L., Laine, K., Kutnar, A. Medved, S., a Hughes, M. (2013). “Hardness
and density profile of surface densified and thermally modified Scots pine in
relation to degree of densification”, Journal of Materials Science, 48 (6), 2370-
2375. DOI: 10.1007/s10853-012-7019-5

95. Reinprecht, L. (20012). “Ochrana dreva”, Vysokoskolska ucebnica, Technical
University in Zvolen, Zvolen, Slovakia, pp. 453. ISBN: 978-80-228-2351-7

96. Reiter, A., Sinn, G., a Stanzl-Tshegg, S. E. (2002). “Fracture characteristic of
different wood species under mode I loading perpendicular to the grain”,
Materials Science and Engineering: A, 332, 29-36. DOI: 10.1016/S0921-
5093(01)01721-X

97. Reiterer, A., Jakob, H. F., Stanzl-Tschegg, S. E., a Fratzl, P. (1998). “Spiral angle
of elementary cellulose fibrils in cell walls of Picea abies determined by small-
angle X-ray scattering”, Wood Science and Technology 32 (5), 335-345.

98. Romani, M. a BlaB3, H. J. (2001). “Design model for FRP reinforced glulam
beams”, International council for research and innovation in building and
construction, CIB-W18, Venice, Italy

99. Sandber, D., Haller, P., a Navi, P. (2013). “Thermo-hydro and thermo-hydro-
mechanical wood processing: An opportunity for future environmentally friendly
wood products”, Wood Material Science and Engineering, 8(1), 64-88. DOI:
10.1080/17480272.2012.751935

100. Sandberg, D., Kuzman, M. K., a Gaff, M. (2018). “Kompozitni materidly
na bazi dreva: Dfevo jako kompozitni a konstrukéni material”, Prague, Czech
University of Life Sciences Prague (CULS), Faculty of Forestry and Wood
Science, pp. 185. ISBN: 978-80-213-2869-3

101. Sandoz, J. L. (2009). “Industrial Ultrasonic Grinding for Multi-glued
Laminated Timber”, Etudes and Construction Bois, Concept Bois Technology,
Paris, France

102. Seborg, R. M., Millet, M.A., a Stamm, A.J. (1945). “Heat stabilized
compressed wood: Staypack”, Mechanical. Engineering. 67, 25-31.
103. Sedliacik, J. (2005). “Procesy lepenia dreva, plastov a kovov”,

Vydavatelstvo TU vo Zvolene, pp. 91-93.

98


https://doi.org/10.1108/03699420110381599

104. Shams, M. 1., Kagemori, N., a Yano, H. (2006). “Compressive
deformation of wood impregnated with low molecular weight phenol
formaldehyde (PF) resin IV: Species dependency”, Journal of Wood Science, 52
(2), 179-183. DOI: 10.1007/s10086-005-0746-3

105. Shukla, S. R., a Kamdem, P. (2008). “Properties of laminated veneer
lumber (LVL) made with low density hardwood species: Effect of the pressure
duration”, Holz als Roh- und Werkstoft 66(2), 119-127. DOI: 10.1007/s00107-
007-0209-1

106. SIKA s.r.o. 2020 [online]. 2020 [cit. 2020-21-02]. Dostupné z
https://cze.sika.com/cs/produkty a reseni/dokumentace/PDS.html
107. Sikora, A., Gaff, M., Hysek, S., a Babiak, M. (2018). “The plasticity of

composite material based on winter rapeseed as a function of selected factors”,
Composite Structures 202, 783-792. DOI: 10.1016/j.compstruct.2018.04.019

108. Song, J., Chen, C., Zhu, S., Zhu, M., Dai, J., Ray, U., Li, Y., Kuang, Y.,
Li, Y., Quispe, N., Yao, Y., Gong, A., Leiste, U. H., Bruck, H. A., Zhu, J. Y.,
Vellore, A., Li, H., Minus, M. L.,Jia, Z., Martini, A., Li, T. a Hu, L. (2018).
“Processing bulk natural wood into a high performance structural material”,
Nature, 554, 224-228. DOI: 10.1038/nature25476

109. Steiger, R., a Gehri, E. (2010). “Quality control of glulam: Improved
method for shear testing og glued lines”, The Future of Quality Control for Wood
and Wood Products. The Final Conference of COST Action E53, Edinburg,
Scotland

110. Stod, R., a Herajarvi, H. (2010). “Ultrasound measurements of glulam
beams to assesss bending stiffness and strength”, The Future of Quality Control
for Wood and Wood Products. The Final Conference of COST Action E53,
Edinburg, Scotland

111. Svecova, D., a Eden, R. J. (2004). “Flexural and shear strengthening of
timber beams using glass fibre reinforced polymer bars: an experimental
investigatin”, Canadian Journal of Civil Engineering, 31, pp. 45-55. DOLI:
10.1139/103-069

112. Sedivka, P., Bomba, J., Bohm, M., a Boska, P. (2015). “Influence of
Temperature on the Strength of Bonded Joints”, BioResources, 10, 3999-4010.
113. Triantafillou, T. C. (1998). “Composites: a new possibility for the shear

strengthening on concrete, masonry and wood”, Composites Science and
Technology, 58, 1285-1295. DOI: 10.1016/S0266-3538(98)00017-7

114. Ulker, O., Imirzi, O., a Burdurlu, E. (2012). “The effect of densification
temperature on some physical and mechanical properties of Scot pine (Pinus
Sylvestris L.) ”, Bioresources, 7 (4), 5581-5592.

115. Vasiliev, V. V., a Morozov, E. V. (2018). “Advanced Mechanics of
Composite Materials and Structures”, 4th Ed., Elsevier, 75-189. ISBN:
9780081022092.

116. Wang, J., a Cooper, P. A. (2005). “Vertical density profiles in thermally
compressed balsam fir wood”, Forest Product Journal, 55(5), 65-68. ISSN: 0015-
7473

99


https://cze.sika.com/cs/produkty_a_reseni/dokumentace/PDS.html

117. Weber, A., a Krug, D. (2008). “Use of thermally improved spruce timber
assortments for the manufacture of solid wood boards for fagade work”, Stahlbau
77(2), 81-83.

118. Yano, H., Hirose, A., a Inaba, S. (1997). “High-strength wood-based
materials”, Journal of Materials Science Letters, 16 (23), 1906-1909. DOI:
10.1023/A:1018578431873

119. Yoshihara, H., a Itoh, A. (2003). “Influence of large deflection on the
measurement of bending properties of veneer by three-point static bending tests”,
Wood and Fiber Science, 35(2), 293-300.

120. Zemiar, J., Géborik, J., Solar, M., a Kotrady, M. (1999). “Tvarnenie dreva
ohybanim”, Technical University in Zvolen, Zvolen, Slovakia, pp. 70.
121. Zhang, S. Y. (1995). “Effect of growth rate on wood specific gravity and

selected mechanical properties in individual species from distinct wood
categories”, Wood Science and Technology 29 (6), 451-465. DOI:
10.1007/BF00194204

100



9 Seperaty ¢lankii a manuskripti

9.1 Clanek ¢&islo 1., Adhesive as a Factor Affecting the Properties of
Laminated Wood

101



PEER-REVIEWED ARTICLE bi oresources.com

Adhesive as a Factor Affecting the Properties of
Laminated Wood
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This study focuses on changing wood’s bending properties using several
types of adhesives. The strength, flexibility, and durability (service life) of
laminated wood, glued with four types of adhesives, were examined. The
results were compared with solid beech wood, conditioned to 9% moisture
content. Depending on the adhesive used, the results indicate that
laminated (layered) wood improved the strength and bending
characteristics in comparison to the intact wood. Gained knowledge about
materials properties have practical applications in the area of dynamic
stress (e.g., as components of vibrating machinery mechanisms or in
constructing beds, chairs, and sports equipment).
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INTRODUCTION

People have long favored wood on account of its technical and aesthetic properties.
Wood has many beneficial mechanical properties, which are utilized in a broad range of
products. In certain cases, its properties need to be modified to better suit a product’s
specific requirements. One modification possibility is the production of layered
(laminated) wood with better strength or bending properties. Laminating is a technique that
substantially improves the value of the wood material while enabling changes in the wood’s
properties. The characteristics of laminated wood can be altered in various ways.

From an environmental perspective, wood is a clean and renewable material held
in high regard for its usefulness to society. Wood has had a place in people’s lives since
ancient times, and it continues to be a widely utilized material. Wood is a strong, elastic,
and light material that can bear heavy burdens. Additonally, it is easy to process and can
be joined, allowing for added versatility. Untreated wood’s low flexibility and the related
problems regarding shaping (especially in larger dimensions) are factors motivating the
development and application of lamination (Aydin ef al. 2004). Laminated wood comprises
multiple layers of wood, most frequently in the form of veneers (thin slices), glued and
pressed together, as shown in Fig. 1. A material’s stratification is very important in
industrial practice, both in civil engineering and the wood processing industry (Dubovsky
et al. 1998; Glos et al. 2004; Frese and Blal3 2006).

In the wood processing industry, material stratification provides greater
homogenity, thereby reducing the portion of critical areas that cause damage to the material
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The cyclic bend stress test also characterizes the examined materials’ elasticity.
Laminated wood was placed under repeated cyclical bending stress, increasing from zero
to the selected maximum (Fig. 5). The cycle frequency was 22 cycles per min. For testing
purposes and based on expected safety, it was decided to stress the laminated wood only
up to 50% of the maximum bend, calculated according to Eq. 5,

li

T8xR.

Va )

where ya is cyclic bend stress and /s is the distance between supports in the cyclic test (490
mm).
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Fig. 5. Cyclic bending of slats

RESULTS AND DISCUSSION

The acquired results indicate that laminated (layered) wood had better bending
characteristics than (solid) wood. The results indicate that the choice of adhesive
substantially affected the laminated wood’s overall strength properties (Table 1). Urea —
(UF) adhesives are the most widely used in producing laminated wood for furniture
because of their good strength properties and acceptable price.

MOR is a property monitored primarily for sizing cross-sections of materials used
to construct products. Materials glued with UF and polyurethane (PUR) adhesives recorded
higher strength values than solid wood. With the application of UF adhesive, the MOR was
4.6% higher than that of solid wood. For the PUR adhesive, the figure was 12% higher
with ovend = 148.5 MPa (Table 1). The strength of beech wood varies depending on the
origin of the wood, as well as the method of its determination. Pozgaj et al. (1993) reported
MOR of beech wood obend = 124 MPa and MOE 12,966 MPa, similar to the MOR results
of 117 MPa found by Gasparik and Barcik (2014). Dubovsky (1998) reported obend = 94 £
18 MPa and Gaborik (1995) stated ovend = 77.6 MPa.

The results show that the greatest difference was in durability, where wood glued
with UF adhesive recorded only one-quarter the durability of laminated wood glued with
PUR adhesive.
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Beech Wood Surface Roughness
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This paper deals with the change of roughness of compressed beech
wood. Effects of temperature, pressure, and time on the results of pressing
were examined. The surface roughness of beech wood in longitudinal and
transversal directions was evaluated. Roughness was described by Ra. A
contact method was applied. The results show that by increasing pressure,
time, or temperature, the surface roughness of beech wood decreases.
The highest roughness reduction occurred at the temperature of 150 °C,
pressure 4 MPa, and time 20 min.

Keywords: Beech; Roughness; Temperature; Pressure; 1ime
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INTRODUCTION

Wood is a material that can be treated using various technologies to create altered
and improved final products. Every product has different surface quality requirements,
when considering its function and aesthetic appearance. The quality of an individual
product surface represents the output of certain production technology.

Each technological operation leaves characteristic irregularities on the surface,
affecting the integrity and usage of the treated surface of the specimen. It is necessary to
regard these irregularities both in their macrogeometric and microgeometric aspects
(Kvietkova et al. 2015a).

Macroscopic and microscopic irregularities are very minor deviations from an ideal
flat surface, which form on the wood surface (Prokes 1982). The wood surface is a border
region which divides the wood substance from the surrounding environment (Pozgaj et al.
1997). To obtain a more complete idea of wood surfaces, it is necessary to know
information regarding many of its properties, such as morphology, chemical composition,
optical properties, thermodynamic properties, efc. (Kurjatko et al. 2010). It is also
necessary to be familiar with the effects of a whole range of factors on the surface
properties. These factors include methods of wood surface treatment, moisture,
temperature, efc.

With real wood surfaces, it is always necessary to take into account the effect of
the operating instrument on the geometry of the surface (Liptakova et al. 1995).

The geometry of the wood surface results from a combination of its anatomical
structure and the selected treatment method. The principle of evaluating the surface
geometry of solid materials lies in the classification and quantification of deviations,
corresponding to the actual surface from the base surface.

Gaborik ef al. (2017). “Beech wood planing,” BioResources 12(1), 448-456. 448
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In technological practice, researchers differentiate between three deviations of
geometric surfaces, which consider the range of rough irregularities:

e Order 1: Deviation represents major macrogeometric defects on the whole surface.
This deviation is mostly considered a deviation from the geometrical shape.

e  Order 2: Deviation is a waviness. It is given mainly by the method of treatment and
by technological operations.

e Order 3: Deviation of higher orders, included in the common name of roughness
(Liptakova and Sedliacik 1989; Liptakova and Kudela 2000).

Surface roughness is a geometric property that is determined by the material type,
and also by the method of treatment (Kvietkova et al. 2015b). During evaluation, the same
criteria are used for solid materials with a certain degree of irregularity. The examination
of surface roughness is the most utilized method of surface quality evaluation.

Roughness can be expressed by several parameters (e.g., Ra - arithmetical mean
deviation of the assessed profile, R, - maximum height of the profile, /%, - maximum profile
peak height, Rv - maximum profile valley depth). According to the norm STN EN ISO
4287 (1997), the Ra characteristic is considered one of the main evaluation criteria for
evaluating roughness, and it is appropriate to supplement the characteristic with the other
aforementioned parameters.

Roughness and waviness are determined either by contact or optical profilometers.
It is necessary to correctly choose the sampling length, as the (R) and () parameters of
roughness are established (Kudela 2010). The treated surface quality is determined by
treatment with an appropriate instrument, by which the irregularities on the wood surface
are removed. The most utilized method of final wood surface treatment is sanding, and to
a lesser extent, milling. The slowness and dustiness of the sanding process poses many
problems. That is why new methods of decreasing the roughness of a wood surface utilizing
mechanical, or more precisely, thermomechanical treatment are being researched (Gaborik
and Dudas 2008; Gaborik and Zitny 2010).

Several authors have attempted to increase the smoothness of a sample’s material
surfaces in their works (Sandig 1998; Kneist and Raatz 2001; Raatz 2002; Wieloch 2004;
Rehm and Raatz 2005). The authors engaged in a thermomechanical method of wood
surface treatment, namely thermal-smoothing by rolling and hot pressing. Thermal-
smoothing is considered a final treatment for the wood surface. By the use of temperature
and pressure, a so called thermo-effect develops, which plasticizes the surface fibers,
pressing them into the surface. As a result of lignin melting, which floods the irregularities
of wood, the treated surface becomes smoother and shinier (Mytny 1995; Wieloch 2004).

During this work, the researchers focused on wood surface treatment by hot
pressing (thermal-smoothing). This study investigated the effect of pressing factors (i.e.,
temperature, pressure and duration) on the roughness of the wood surface, in relation to the
direction of the wood fibers. The purpose of this paper was to evaluate the effect of the
examined factors on the surface roughness of the beech wood, i.e., the increase in surface
smoothness by thermal-smoothing.
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milling the radial surfaces, ResSetka (2013) found the roughness along the length of the
fibers was 3.78 um and 7.54 um when oriented crosswise against the fibers (99.5%
rougher). Wieloch (2004) found that roughness oriented crosswise across the fibers of
beech wood was 3.32 pm.

After the process of thermal-smoothing by hot pressing, the roughness decreased
and the average value of roughness was 1.3 pum for the lengthwise orientation, and 2.15 pum
for the crosswise orientation (Table 2). Even after hot pressing, the wood roughness
measured perpendicular to the fibers was 65% higher than the parallel direction. By
thermal-smoothing, this difference decreased by only 6%.

Table 2. Mean Values of Roughness Before and After Hot Pressing

Roughness *
Surface treatment Ra (um)
Parallel to the fibers Perpendicular to the fibers
Milling before hot pressing 1.62 2.73
After hot pressing 1.30 2.15

Note: * the value represents the average of all values measured on the samples

The effects of the factors, i.e., a temperature of 120 °C, the pressure, and the
duration of hot pressing, are listed in the Tables 3 and 4. From the results, it can be
extrapolated that by the gradual increasing of the pressure and the duration of stabilization
in the press, a 17 to 31% decrease in the wood surface roughness in the direction parallel
to the fibers, and a 15 to 40% decrease in the direction perpendicular to the fibers, can be
expected.

More distinct improvements in the surface smoothness were exhibited in the
direction perpendicular to the wood fibers (Table 4). A similar tendency of decreasing
roughness was also exhibited on the surface of wood molded at a temperature of 150 °C.
From the data in Tables 3 and 4, it can be deduced that a decrease in wood surface
roughness of 20 to 39% in the direction parallel to the fibers, and 15 to 43% in the direction
perpendicular to the fibers, had occurred. The increase of temperature by 30 °C yielded
only a slight improvement in the examined surfaces’ smoothness.

It can be concluded that a 30 °C increase in temperature (considering the marginal
difference from 120 °C) did not significantly decrease the surface roughness. The
contribution to the roughness decrease was only 3 to 8%.

A higher temperature, pressure, and duration of thermal-smoothing improved the
smoothness of the wood surface. The improvement of wood smoothness by thermal-
smoothing is also evident in the works of other authors. For example, Zitny (2010)
achieved a surface improvement of 11 to 23%, Wieloch (2004) by 31%, and Kissak (2009)
by 30 to 70%. Resetka (2013) found an improvement of the surface quality (i.e. a decrease
of roughness) of beech wood hot pressed at 160 °C, 40% compression and 6 minutes
duration. He found an average roughness 1.75 um (a 54% decrease) in the direction parallel
to the fibers and 3.25 pum (a 57% decrease) perpendicular to the fibers. It can be concluded
that in these conditions, almost the same surface smoothness improvement was achieved
for both directions.
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Table 3. Influence of Pressing Temperature 120 °C and 150 °C, Pressure, and
Time on Roughness

Temperature|  Pressure | ofnor | Rougmess before | Roughness ftr hot
pressing
) (MPa) (min) Ra(F) (um) Ra(L) (um)
|| L || -

5 1.72 2.73 1.26 2.31

1 10 1.81 2.99 1.48 2.53

20 1.57 2.68 1.31 2.1

5 1.55 2.65 1.28 217

- 2 10 1.72 2.70 1.29 219
20 1.69 2.84 1.14 2.08

5 1.44 2.81 1.04 1.67

4 10 1.59 2.62 117 1.91

20 1.72 2.89 1.19 1.93

Average 1.65 2.77 1.24 2.10

5 1.55 2.65 1.28 217

1 10 1.72 2.70 1.29 219

20 1.69 2.84 1.14 2.08

5 1.51 2.73 0.98 1.83

2 10 1.60 2.60 1.28 2.02

190 20 1.66 2.63 1.22 2.03
5 1.79 2.88 1.34 2.16

4 10 1.55 2.67 1.23 1.87

20 1.63 2.87 1.00 1.64

Average 1.63 2.73 1.20 2.00

Wieloch (2004) and Moza (2010) decreased the roughness by 12.5% to a value of
2.1 pum, by hot pressure with the parameters of 140 °C temperature and stabilization 2 min.
During the surface treatment by gradual sanding, the researchers achieved a 33.3%
decrease in the Ra value, resulting in a roughness value of 1.6 um. In this case, the
moistening of the surface by water, with the addition of urea-formaldehyde glue, facilitated
a better smoothness. Moistening was conducted between the first and second sanding.
Gurau et al. (2004) achieved a surface roughness of 1.8 to 2.1 um by sanding beech.

The mentioned data corresponds with the results of Wieloch (2004) and Zitny
(2010).
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Table 4. Influence of Pressing Temperature 120 °C and 150 °C, Pressure, and
Time on Decrease of Roughness

Temperature | Pressure Duration.of hot
pressing Decrease in roughness Rx (%)
(min)
5 Perpendicular to the

(°C) (MPa) Parallel to the fibers P s

(b )

5 26.9 15.4

1 10 18.2 15.1

20 16.6 21.3

5 16.8 18.1

120 2 10 25.0 18.6
20 30.7 26.8

5 27.3 40.6

4 10 25.9 271

20 30.9 33.2

5 19.7 15.0

1 10 21.5 18.5

20 22.8 15.9

5 35.1 32.7

150 2 10 20.1 22.7
20 26.5 22.8

5 247 25.0

4 10 20.1 30.1

20 38.6 43.2

CONCLUSIONS

1. Many different technologies can be used to treat wood and achieve the desired quality
on all surfaces. Thermal-smoothing by hot pressing can be considered a viable method
of wood surface treatment. The main factors of hot pressing affecting the result of
planing are pressure, temperature, and duration of stabilization in the press. During the
observation of these parameters, this study found that their mutual interaction has an
effect on the change in roughness (Ra (um) - arithmetical mean deviation of the assessed
profile), or more precisely, the increase in the surface smoothness of beech wood.

2. Based on the achieved results, one can conclude that after beech wood pressing, a
decrease in roughness occurred in both directions, considering the structure of the wood
fibers. In the direction parallel to the fibers, the roughness decreased by 15 to 40 %,
and in the direction perpendicular to the wood fibers it decreased by 15 to 43 %.

3. Anincrease in temperature of 30 °C did not produce significant changes in the surface
roughness measured by the Ra parameter.

4. The increase of the pressure and the increase of duration showed positive effects on the
surface smoothness of the tangential planes of beech wood.

5. By pressing the wood, some technological operations can be excluded from the wood
surface preparations, e.g. sanding. Surfaces treated in a better way by thermal-
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smoothing undergo shorter surface treatment processes by excluding inter-operational
sanding for water-soluble coating substances or by excluding the filling of the pores
during treating into a closed surface. This means a decrease in coating substance usage
can be achieved.
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Shear Bond Strength of Two-Layered Hardwood Strips
Bonded with Polyvinyl Acetate and Polyurethane
Adhesives
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This article deals with the effects of various parameters on the shear
bond strength (SBS) of glued wood. A four-factor analysis showed that
the combination of only non-densified wood pieces achieves higher
shear bond strength values than densified ones. In this case, only the
piece combination was a significant factor. The other factors (glue type,
wood species, and number of loading cycles) had no significant effect.
Although the differences were not large, a higher SBS was achieved in
beech wood glued with polyvinyl acetate (PVAc) glue. Glued wood
consisting of the combination of densified and non-densified pieces had
slightly lower SBS values. In this case, all the factors were statistically
significant. Beech wood had a more significant impact on the SBS than
aspen wood. The effect of the type of glue showed an opposite trend
than that in the previous variant, i.e., a higher SBS was achieved with
polyurethane (PUR) glue. Wood subjected to cyclic loading had slightly
higher SBS values than non-cyclically loaded wood. The degree of
densification had no significant effect. Glued wood composed entirely of
densified pieces showed greater SBS variation between versions.

Keywords: Shear bond strength; Beech; Aspen; Densification; PVAc; PUR; Cyclic loading
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b: Department of Forest Technologies and Construction, Czech University of Life Sciences in Prague,
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INTRODUCTION

Although wood is an exceptional material, people are still trying to improve its
desirable properties and eliminate its shortcomings. This is why new materials are created
either by modifying the properties of the wood, or by combining wood materials of
different properties. The mentioned combination of materials creates widespread wood-
based composites that are applied in the most common spheres of the timber industry,
such as in the production of furniture and wooden buildings (Stoeckel ez al. 2013).

Wood-based composites are one of the core materials in the woodworking
industry. In general, wood-based composites are formed by layering wood materials
(plies, strips, veneers, strands, pieces, fibres, ezc.) (Cai and Ross 2010) and then pressing
the material to a final shape with the desired properties. In the construction industry,
where these types of composites are most commonly applied, they are divided into two
subgroups: structural composite lumber materials (LVL, PSL, LSL, OSL, glulam), and
other materials (OSB, fibreboard, plywood, particleboard). Structural composite lumber
materials are used for load-bearing elements in buildings and structures, such as rafters,
headers, beams, joists, studs, and columns (Stark ez a/. 2010). Other materials are used
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for non-load bearing applications, such as tiling, floors, formwork, and thermal and sound
insulating layers. In the furniture industry, wood-based composites are used a little
differently. Structural composite lumber is not used at all, but some principles of its
formation are used in other elements (e.g., LVL and bed piece component). Most
materials that are intended for non-load bearing use in construction are used to
manufacture load-bearing elements in the furniture industry, with the exception of OSB
(not used at all) and fiberboards.

Gluing wood is one of the basic methods of bonding wood, known since ancient
times. In terms of gluing wood, both the bonding strength and the properties of the glue
are important. These characteristics are affected by the gluing conditions (open time,
curing method, moisture content of wood, and necessary ambient temperature), as well as
the length of the entire production process and the strength of the final product. Today,
the most widely used adhesives in the furniture and construction industries are polyvinyl
acetate (PVAc) and polyurethane (PUR), which are both defined as elastic polymers
(Stoeckel et al. 2013). PVAc glues (most often dispersed in the form of an emulsion) are
thermoplastics characterized by the need for an absorbent surface, and their glass-
transition temperature (7%) is close to room temperature (Motohashi ef al. 1984; Minelga
et al. 2010). Their mechanical properties are closely linked to changes in temperature,
which is why even the slightest change in their 7; affects their mechanical properties
under specified usage conditions (Motohashi ez al. 1984). The advantage of PVAc glue is
its water solubility, low curing temperature, non-toxic composition, transparent adhesive
joints, and its ease of use. PUR glues are thermoplastics most often cured using the
wood's moisture content, which reacts with the glue's isocyanate groups (Ren and Frazier
2012). PUR glue for wood creates strong joints with good flexibility, cures at a normal
ambient temperature, and is more water resistant than PVAc glue, but it requires a higher
moisture content of the glued material or air (Vick and Okkonen 1998).

The bonding quality of glued wood-based composites is affected by various
factors. First of all, there are the basic physical and structural properties of the adherent
wood, such as moisture content, density, porosity, properties of the cell wall, lumen, and
extracellular spaces, which can sometimes change when the wood is modified
(impregnation, grinding, and surface treatment). Another group of factors are the
properties of the glue in its application (e.g., penetration behavior and surface free
energy) and curing (e.g., creep and stiffness) states (Follrich e al. 2007; Li ef al. 2015).
Finally, the gluing parameters (adhesive spread, pressing time and temperature, and
applied pressure) determine the final properties of the glue and therefore the entire glued
wood-based composite (Follrich ez al. 2007).

The suitability of an adhesive for bonding wood under certain conditions can be
determined by various characteristics. The most commonly used reference parameter for
the bond strength of the glued wood is its shear bond strength (Serrano 2004; Burdurlu et
al. 2006; Konnerth ef al. 2006; Raftery et al. 2009; Derikvand ez al. 2014). The bond
strength is the ability of the bonded wood to hold the wood-based composite elements
together, ensuring its overall strength. If the bond has a low strength, then the wood-
adhesive interface fails; the elements stop sharing the load and the entire composite will
have poor characteristics (Le and Nairn 2014).

This research focuses on examining the shear bond strength of beech and aspen
wood consisting of pieces bonded with PVAc and PUR adhesives. The main goal was to
determine the effects of wood densification, combination of pieces, wood species, and
number of cycles on the shear bond strength values.
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EXPERIMENTAL

Materials

European beech (Fagus sylvatica L.) and European aspen (Populus tremula L.)
woods were used for testing. Thin wood pieces of three thicknesses (3, 5, and 9 mm), 25
mm in width and 600 mm in length were produced. These pieces were conditioned to an
equilibrium moisture content (EMC) of 8% (¢ = 40 = 3% and 7 = 20 = 2 °C). The EMC
represented the final moisture content of furniture and wooden joinery (flooring and
cladding) for interior use, according to EN 942 (2007) and CSN 91 0001 (2007). The
pieces of both wood species were divided into two groups: the first group consisted of
non-densified pieces, and the second group consisted of pieces designed for densification.

Densification

Pieces intended for densifying were cold-pressed in a UPS 1000 hydraulic press
(RK MFL Prifsysteme GmbH, Germany) without previous plasticizing. The press was
closed for 5 min, and gradual densification of the pieces began. The pieces were kept
densified for 2 min. In the last stage, which lasted 3 min, the press was opened and the
pressure was released. Subsequently, the pieces relaxed for 5 min.

Table 1 shows all the individual densities of the non-densified and densified
pieces for each combination.

Table 1. Average Density Values of Pieces at Moisture Content of 12%

Density (kg/m?)
Pieces : Be_fore. Aﬂer ; A_ft_er :
Combination Wood Species Denglﬁ_catlon Densification | Densification
(original) by 10% by 20%
1. Non-densified + Beech N 679 - -
group Non densified Aspen N 451 : 3
Densified + Beech D 704 734 766
Densified Aspen D 471 503 508
Beech N 715 - -
IL Aspen N 505 - -
group Noii darisied & Beech 10% D 703 745 -
Densified Beech 20% D 702 - 769
Aspen 10% D 474 490 -
Aspen 20% D 473 - 514

N - non-densified, D — densified pieces

Sample preparation

The one-component dispersion water-proof polyvinyl acetate (PVAc) adhesive
AG-Coll 8761/L D3 (Agglu SK Ltd., Slovakia) and moisture-curing one-component
polyurethane (PUR) adhesive Neopur 2238R (Neoflex S.L., Spain) were used for the
gluing of pieces. According to EN 204 (2001) these PVAc and PUR adhesives belong to
durability classes D3 and D4, respectively. The adhesive properties are shown in Table 2.
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Table 2. Adhesives Properties

. . Wood
Slue | “ontent | Viscosity [Density| - R | rio5e a0 oc| Moisture
(%) (min) (MPa) (%)
PVAc 49-51 7,000-13,000| 0.9-1.1 | 3.8-4.5 15 0.2-0.8 8-12
PUR - 2,000-4,000 113 - 20-25 - 6-12

A toothed spatula was used for the glue application, laying a thin film of glue at
the recommended level of 160 g/m?. The samples were pressed in an industrial press GS
6/90 (SCM GROUP S.p.A., Italy) under 0.6 MPa at a temperature 20 °C during 20 min.
Subsequently, the samples were conditioned in the humidity chamber HCP 108
(Memmert, Germany) to a moisture content of 8% (¢ = 40 £ 3% and 7 = 20 £ 2 °C).
Lastly, the 2-layered samples were cut to final dimensions of 600 x 35 x A mm?
(thickness was dependent on the combination of pieces).

Table 3 shows samples with various combinations of pieces. One group consisted
of 120 glued samples made of non-densified pieces and the second group consisted of
480 glued samples created by various combinations of densified and non-densified
pieces. One half of the samples were intended for cyclic loading testing.

Table 3. Marking and Parameters of Samples

Sample
Marking|

3NN | The sample includes a pair of non-densified pieces with thickness 3 mm

Description

5NN | The sample includes a pair of non-densified pieces with thickness 5 mm

9NN | The sample includes a pair of non-densified pieces with thickness 9 mm
3DD10 |The sample includes a pair of pieces, after densification by 10%, with thickness 2.7 mm

3DD20 |The sample includes a pair of pieces, after densification by 20%, with thickness 2.4 mm

5DD10 |The sample includes a pair of pieces, after densification by 10%, with thickness 4.5 mm

5DD20 |The sample includes a pair of pieces, after densification by 20%, with thickness 4 mm

9DD10 |The sample includes a pair of pieces, after densification by 10%, with thickness 8.1 mm

9DD20 |The sample includes a pair of pieces, after densification by 20%, with thickness 7.2 mm

3ND10 |The sample includes a non-densified (3 mm) piece and piece densified by 10% (2.7 mm)

3ND20 |The sample includes a non-densified (3 mm) piece and piece densified by 20% (2.4 mm)

5ND10 |The sample includes a non-densified (5 mm) piece and piece densified by 10% (4.5 mm)

5ND20 |The sample includes a non-densified (5 mm) piece and piece densified by 20% (4 mm)

9ND10 |The sample includes a non-densified (9 mm) piece and piece densified by 10% (8.1 mm)

9ND20 |The sample includes a non-densified (9 mm) piece and piece densified by 20% (7.2 mm)

3, 5, and 9 are the original thicknesses of the pieces in millimeters
N — non-densified pieces, D — densified pieces

Cyclic loading

At least 24 h after bonding, cyclic loading was carried out. Cyclic loading testing,
based on uniaxial bending stress, was carried out using a cycling machine (designed by
Milan Gaff at the Faculty of Forestry and Wood Sciences, CULS Prague) with a distance
between supporting pins of 490 mm. Cyclic loading was based on bending loading with
repetitive loading and releasing. The cyclic loading rate was 60 cycles/min. Maximum
load was set to 90% of the limit of proportionality. The limit of proportionality was found
during the preliminary tests. Its value is important for avoiding the sample overloading
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The wood density was determined according to ISO 13061-2 (2014) and Eq. 2,

m,

Py v ()
where py is the density of the sample at moisture content w (kg/m?), m is the weight of
the sample at moisture content w (kg), and Vi is the volume of the sample at moisture
content w (m?).

The moisture content of the samples was determined according to ISO 13061-1
(2014) and Eq. 3,

w=" " 4100 3)
m()

where w is the moisture content of the sample (%), m is the weight of the sample at
moisture content w (kg), and mo is the weight of the oven-dry sample (kg). Oven-drying
was carried out according to ISO 13061-1 (2014).

RESULTS AND DISCUSSION

Combination of Non-Densified Pieces

Table 4 presents a statistical evaluation of the influence of factors on the shear
bond strength of the samples with non-densified piece combination. Only the piece
combination was statistically significant (P < 0.04). The wood species, glue type, number
of cycles, as well as the interaction of all factors, did not significantly influence the shear
bond strength.

Table 4. Statistical Evaluation of the Shear Bond Strength for Combinations of
Non-densified Pieces

Monitored Factor Ssq uutzrzfs D:r%f:c?n?f Variance l[-':ls_ht(:rsts p-value
Intercept 15,974.13 1 15,974.13 | 1,117.206 0.001
Wood species (1) 24.20 1 24.20 1.692 0.196
Glue type (2) 1.04 1 1.04 0.073 0.788
Piece combination (3) 165.70 2 82.85 5.794 0.004
Number of cycles (4) 0.42 1 0.42 0.029 0.865
1*2*3*4 43.23 2 21.61 1.512 0.226
Error 1,372.64 96 14.30

The mean shear bond strength value for beech wood (12 MPa) was approximately
8.1% higher than that of aspen (11.1 MPa; Fig. 2). The differences in shear bond strength
values between the different wood species were probably caused by the different
anatomical structures (length of wood fibers, porosity, water absorption, and surface
roughness), which affect the adhesion of the glue to the surface of the wood pieces.
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Comparing these results with other studies, it is clear that the SBS values are
similar in most cases (Table 5).

For example, Konnerth et al. (2006) reported an SBS value in laminated beech
wood of 10.8 MPa using PVAc glue, and 9.7 MPa using PUR glue.

On the other hand, Derikvand and Pangh (2016) found higher SBS values using
PUR glue (13.4 MPa) than using PVAc glue (12.3 MPa) to bond Oriental beech (Fagus
orientalis Lipsky).

Kral ef al. (2015), who investigated plasma surface treatment and subsequent
bonding of beech wood with polyvinyl acetate glue, reported a relatively lower SBS
value of 8.2 MPa.

Tiryaki et al. (2015) reported an even lower SBS value, 6.9 MPa, in the bonding
of Oriental beech wood (Fagus orientalis Lipsky) using PVAc glue.

Ozgifgi and Yapici (2008) reported an even lower SBS value for aspen wood
bonded with PUR glue — a value of 4.9 MPa.

The differences in SBS values among various studies are caused by the different
physical and mechanical properties of the wood (surface roughness, porosity, density,
efc.), the variability of the adhesives used (viscosity, open time, fillers and hardeners,
water resistance D1 — D4, efc.), as well as the gluing conditions (temperature, pressure,
and pressing time).

Table 5. Mean Values of the Tensile-shear Strength for Combination of Non-
densified Pieces

L Tensile-Shear
Comglnatlon ot Elna Number of Cycles Strength (MPa)
ieces Type
Beech Aspen
3NN PVAC 0 8.9 (3.65) 11.1 (5.18)
3NN PVAC 10,000 9.1 (3.01) 7.5 (1.90)
3NN PUR 0 14.3 (1.81) 9.6 (1.95)
3NN PUR 10,000 9.8 (3.08) 9.7 (3.08)
5NN PVAc 0 11.5 (5.61) 13.3 (4.11)
5NN PVAC 10,000 11.6 (5.41) 12.8 (2.67)
5NN PUR 0 9.9 (3.86) 9.4 (4.03)
5NN PUR 10,000 14.7 (6.22) 11.7 (2.54)
9NN PVAc 0 15.8 (5.72) 12.1 (2.09)
9NN PVAc 10,000 14.2 (4.13) 11.9 (2.22)
9NN PUR 0 12.1 (3.28) 11.3 (1.60)
9NN PUR 10,000 12.3 (3.85) 12.3 (3.98)

*Values in parentheses are standard deviations

Combination of Non-Densified and Densified Pieces

Table 6 contains a statistical evaluation of factors that affect the shear bond
strength. All individual factors and their combined effect were statistically significant (P
<0.05; Table 6).
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Table 7. Mean Values of the Tensile-shear Strength for Combinations of
Densified and Non-Densified Pieces

o Tensile-Shear Tensile-Shear
Combination Strength (MPa) Glue | Number Strength (MPa) Combination
of Pieces Type | of Cycles of Pieces
Beech Aspen Beech Aspen

3DD10 [ 7.4 2.44) | 7.4 1.51) || PvAC 0 7201.26)[38(1.93)| 3ND10

3DD10 54 (3.19) | 4.5(0.84)|| PVAc | 10,000 || 4.5(4.44)|7.2(1.74) 3ND10

3DD10  |11.4 (2.43)| 6.3 (1.82) || PUR 0 10.1 (1.42)| 5.9 1.22)| 3ND10

3DD10 | 6.4 (1.84) |16.0 4.97)|| PUR | 10,000 |[11.1 (1.26)] 9.4 267)| 3ND10

3DD20 [ 6.6(3.27) | 5.1 (1.33) || PVAC 0 57(1.30)[ 9.1 (1.64) | 3ND20

3DD20 6.7 (2.45) | 5.4 (2.60) || PVAc | 10,000 ||11.6 (2.99)] 9.9 (2.31) 3ND20

3DD20 |6.0(1.43) | 43@3.13)|| PUR 0 6.7(160)| 7.7 (1.92)| 3ND20
3DD20 |6.4(1.99) | 66342 || PUR | 10,000 |[9.4457)|9.3(1.73)| 3ND20
50D10 |12.6 4.97)] 7.8 3.31) || PVAc 0 9.96.47) |57.15 | 5DD10
5DD10 | 7.6 (3.87) |10.0 3.32)|| Pvac | 10,000 |[13.7 2.05)] 5.7 2.19)| 5DD10
50D10 [12.2 2.70)|10.1 2.93)|| PUR 0 10.5 (5.61) 8.8 (1.62)| 5ND10

5DD10 | 6.7 (4.07) | 9.4 3.46)|| PUR | 10,000 ||7.8(2.77)|10.4 0.58)] 5ND10

5DD20 | 8.2(5.48) | 5.1 (1.96) || PVAC 0 75(1.84)[ 88(163)| 5ND20

50D20 [10.3 3.17)| 3.7 (1.53) || PvAc | 10,000 |[10.5 3.91)] 5.7 (1.46)| 5ND20

5DD20 | 4.6(1.42) | 5.8 (249 || PUR 0 7.3(421)|6.0(1.05)| 5ND20
50D20 |8.9(2.95)|3.3060)| PUR | 10,000 |[125(3.85)]3.9 229 | 5ND20
opD10  [10.9 (2.65)] 9.5 (1.83) || PVAc 0 9822767324 | 9oND10
oDD10  [10.7 (5.36)] 5.9 2.30) || PvAc | 10,000 |[10.3 3.46)| 76 2.11)| 9ND10
opD10  |10.2(5.67)| 6.5 (3.82) || PUR 0 6.4 (3.29) [12.0 3.26)] 9ND10
opD10  [|10.7 (1.31)| 6.5 (065 || PUR | 10,000 |[10.8 (5.46)] 9.5 (3.59)| 9ND10
9DD20 [10.2 (5.32)] 3.3 (1.51) || PVAc 0 6.1(6.75)| 46 2.05)| 9ND20
oDD20 | 8.2(5.34) | 26 (1.08) || PvAc | 10,000 |[15.1 3.88) 8.2 (1.91)| 9ND20
oDD20 |76 4.24)| 55058 || PUR 0 13.7 (4.82) 8.6 3.34)| 9ND20

opD20 |6.8(2.26) | 4.9(1.98) || PUR | 10,000 |[11.6 2.70)[11.1 (1.94)] 9ND20

Values in parentheses are standard deviations
3, 5, and 9 are the original thicknesses of the pieces in millimeters

The outer and inner surface of the wood is considered. The outer surface, which
consists of the wood's anatomical structure (porosity, differences between spring and
summer wood, the width of annual rings, etc.), and the type of machining tool, is
measured by the surface roughness and waviness. The surface roughness of the wood is
strictly dependent on the method of processing. A milled surface does not require high
pressure for gluing in order to achieve higher shear bond strength. In a sanded surface,
the higher the compression pressure, the higher the shear strength. The inner surface is
the set of all capillary cavities from wood fiber lumens, the spaces between the fibrils and
submicroscopic areas between microfibrils and micelles (Sedliacik and Sedliacik 2000).
The wood surface affects the penetration of the adhesive into its structure, and therefore
the adhesion between the wood and the glue.
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Based on these facts, it is important to further examine the various effects on the
interaction between wood and glue. It is necessary to examine wood as an adherend with
certain anatomical properties (porosity, surface roughness, waviness) and changes to
these properties through technological operations (densification, machining,
modifications) based on the properties of the adhesive and gluing parameters.

CONCLUSIONS

1. In general, glued wood consisting only of non-densified pieces achieved higher SBS
values in both wood species. As expected, higher SBS values were found in glued
beech wood. However, statistical probability was only confirmed for the pieces
combination (P > 0.04), where there was a slight increase in SBS values as the piece
thickness increased. The other factors had no significant effect on the SBS. The
difference in the SBS between PUR and PVAc glue was only 1.7% in the favor of
PVAc. The comparison of SBS values of glued wood subjected to cyclic loading and
wood not subjected to cyclic loading showed a difference of only 1.1%.

2. Glued wood consisting of a combination of densified and non-densified pieces had
lower SBS values. All the factors were statistically significant. The SBS of glued
beech wood was 26.8% higher than that of aspen wood. The combination of non-
densified and densified pieces achieved lower SBS values than those of glued wood
consisting only of densified pieces. PUR glue ensured 9.1% higher SBS as compared
to PVAc glue, which was the opposite of the trend as in the previous variant
(combination of NN pieces). Cyclic loading of glued wood increased the SBS by
7.4% compared to wood not subjected to cyclic loading.
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Deflection of Densified Beech and Aspen Woods as a
Function of Selected Factors
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Richard Kmimak **

Effects of selected factors (wood species (Beech, Aspen), degree of
densification (10%, 20%), material thickness (4 mm, 6 mm, 10 mm, and 18
mm), and number of loading cycles (0, 10,000)) were analyzed relative to
the bendability of densified wood. The monitored characteristics were the
deflection at proportional limit (Yg), deflection at maximum limit (Yr), and
their ratio (Yg:Yp). One of the main causes of unfavorable wood bending
is its low deflection under tensile stress parallel to the fiber in comparison
to compressive stress in the same direction. From the results it is clear
that the deflection at the proportionality limit depended on all monitored
factors. The deflection at the yield point was not influenced by cyclic
loading, and the ratio of deflection was influenced by material thickness
only. Based on this ratio, the moulding properties of material can be
identified. There was a strong correlation between the two deflection limits.
The results are an important foundation for progress in the production of
laminated materials with specific properties for intended use.

Keywords: Cyclic loading; Laminated wood; Bending strength; Modulus of elasticity; Elasticity deflection
at proportional limit; Deflection at maximum limit; Ratio of elastic and maxinuim deflection
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INTRODUCTION

Wood is a flexible, strong, and yet lightweight material that has good thermal
insulation properties, can bear heavy loads, absorb vibrations, and is easily machined with
cutting tools (Efe et al. 2007). When evaluating the technical characteristics of furniture,
the strength, stability, functionality, durability, and quality of each piece of furniture is
primarily assessed (Gaff et al. 2017).

This article considers selected indicators of the bending strength of wood, the
knowledge of which is essential to expand the possibilities of its use in bentwood furniture.
For this reason, it is necessary to obtain theoretical knowledge of the positive and negative
factors that affect the bending of densified wood.

There has been minimal in-depth research on the bending strength of densified
wood conducted in the past, as well as a lack of knowledge of the behavior of the
components in the process. The respective knowledge could bring additional technical,
technological, and economical benefits. The efficiency of bentwood furniture production
is improved with the use of low-grade wood compared to the currently used species, and
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by the omission of certain technological steps (steaming) in the bending process
(Wagenfiihr 2000; Blomberg ez al. 2005; Kamke 2006; Boonstra and Blomberg 2007).

Wood properties can be altered chemically, physically, and mechanically, as well
as a combination of those methods (Gaff et al. 2015a). This article investigates a
densification of wood in the radial direction and subsequent bending. Bending is a non-
cutting method of shaping wood based on its ability to deform plastically (Sandberg and
Navi 2007). The shape is changed by external forces, causing deformation in materials
(Schellberg 2012). These deformations are very small in wood with standard processing
for furniture that has a moisture content of 8% + 4% and a temperature of 20 °C. Wood
deformability can be significantly increased by plasticizing the wood (Glos et al. 2004) via
higher humidity and temperature to achieve plasticity of the material for the time necessary
for bending. Chemical treatments to promote bending have not found a wider application
due to ecological and economic reasons (Wagenfuhrer ez al. 2006; Gaff et al. 2015b; Gaff
et al. 2015¢c; Gaff et al. 2016). There are two primary bending methods typically used.
Shaping that uses the moulding form (free bending) is used for shaping parts with a slight
bend. Bending is based on the principle patented in 1841 by M. Thonet, on changing the
wood properties by plasticizing it and the effect of frontal pressure, using a bending strap
that improves the formability of the wood and enables bending with smaller bend radii
(Frese and Blaf3 2006). Previous authors (Sandberg and Navi 2007; Fortino ez al. 2013;
Laine et al. 2014) have indicated that densification improves the mechanical properties of
wood. However, the effect of densification on the bendability of wood is unknown. In
bending, the neutral layer is moved to the side with higher stiffness (modulus of elasticity
MOE) (Fortino et al. 2013). However, densification is not uniform across the cross-section.
The density of the densified wood typically decreases from the surface layers to the central
ones. Increasing the density of the surface layers and therefore increasing the stiffness
could theoretically lead to increased flexibility. The main advantage of bending, in
comparison with injection molding of parts, is primarily the substantially higher stiffness
and strength of bent parts. The parallel course of fibers is maintained in bending, and it
does not result in a complicated grain pattern as it does in molding. Wood bending is also
associated with a higher yield from the wood, classifying this technology as waste-free
(Gaff et al. 2017).

Wood bendability is a feature that characterizes its bending potential. It can be
expressed by various characteristics, such as the size of elastic deflection (deflection at the
proportional limit- V), the level of maximum deflection (deflection at the maximum limit-
Tp), the coefficient of bendability (ratio of the thickness of the bent material 4 to the
minimum bending radius »- has a more practical nature), or the ratio of elastic and
maximum deflection and stress (¥Yg:Yp). Each of these characteristics has its advantages and
highlights a specific purpose of the future use of the material.

Knowledge on the bendability of densified wood is modest. Thus, this study
focused on the analysis of its essential characteristics, such as the size of elastic deflection
and the size of maximum deflection.

Elastic deflection shows the material’s ability to deform under external mechanical
forces and return to its original state after their removal (Pozgaj et al. 1997). Maximum
deflection is the deflection at the modulus of rupture. Part of this deflection remains after
the removal of the mechanical force and the material takes a new shape (Yamashita et al.
2009). In practical terms, the maximum limit during bending shows the deflection size that
the material can be exposed to without causing permanent deflection.
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Methods
Densification of test specimens

The test specimens that were intended for densification were pressed in a hydraulic
press (RK Priifsysteme MFL 1000, Keyx, Leipzig, Germany). The temperature during
densification was 20°C, and the time after pressing was 48 hours.

The values of spring back deformation were measured and will be evaluated
separately in the part devoted to rheology.

The densification process of each set of test specimens is shown in Table 1.

Table 1. Compressive Load on Each Set of Test Specimens

Specimen Densification 10% Densification 20%
Th;"mkr:‘)’ss Beech (kN) Aspen (kN) Beech (kN) Aspen (kN)
4 3550 1080 3950 1500
6 2100 1850 3900 2100
10 3750 2150 4500 2500
18 3650 1720 3630 1800

Determination of values of bending characteristics

After the cyclic loading, the support span was adjusted to L1 =20 x h ; the support
span was changed in relation to the thickness of specimens. The samples were bent using
3-point bending with a universal testing machine FPZ 100 (TIRA, Schalkau, Germany) in
accordance with EN 310 (1993). The bending characteristics were measured perpendicular
to the fibers in radial direction; the tests were carried out according to the standard EN 310
(1993).

The loading speed was set to 3 mm/min so that the test duration would not exceed
2 min. Maximum breaking forces of samples were measured using the data logger
ALMEMO 2690-8 (Ahlborn GmbH, Braunschweig, Germany).

Evaluation and calculation

To determine the effect of the individual factors on the bending characteristics, an
analysis of variance (ANOVA) and the Fischer F-test were performed using Statistica 12
(Statsoft Inc., Tulsa, USA) software. The wood density was determined before and after
testing according to ISO 13061-2 (2014) and Eq. 1,

m
P, = (1)
“ %
where p,, 1s the de;lsity (kg*m) of the sample at moisture content w (%), m, is the mass
of the sample (kg) at moisture content w (%), and Vi is the volume of the sample (m®) at
moisture content w (%).
The moisture content of the samples was determined and verified before and after
testing. These calculations were performed according to (ISO 13061-1 2014) and Eq. 2,

m —m
w=—"

* %100 2)

m

0

where w 1s the moisture content (%) of the samples, mw is the mass of the sample (g) at
moisture content w (%), and my is the mass of the oven-dry sample (g). Drying to an oven-
dry state was also performed according to ISO 13061-1 (2014).
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Next, the deflection at the proportional limit in static bending was determined in
accordance with EN 310 (1993). First, limit of proportionality from the force-deflection
diagram was determined. The limit of proportionality was on the end of the linear part of
the curve. The deflection at the maximum limit corresponds to the deflection at the modulus
of rupture. Deflection at the maximum limit and deflection at the proportionality limit was
determined from the stress-strain diagram recorded in the bending of test specimens.

Cyclic bend loading

The cyclic loading was performed on a cycler machine with cyclic bending of the
test pieces using single-axis loading. The following numbers of cycles were selected for
testing: 0 and 10,000. During the preliminary experimental testing, the specimens were
loaded with static bending to determine the breaking strength and proportionality limit
because the test pieces had to be loaded up to 90% of the proportionality limit.

RESULTS AND DISCUSSION

Deflection at the Limit of Proportionality and at the Maximum Limit

Based on the values of the level of significance P and the results of Fisher's F-test,
the authors can conclude that each of the monitored factors and their mutual interaction
were shown to have a statistically significant effect (Table 2). The respective model
explains approximately 92% of the total sum of squares. Table 3 shows the average values
of the monitored characteristics, average density values measured for each set of test
specimens, and the corresponding coefficient of variation.

Table 2. Statistical Evaluation of the Effect of Factors and their Interaction on
Deflection at the Limit of Proportionality

. Sum of | Degree of . Fisher's | Significance
Monitored Factor Squares Frge dom Variance F- Test gLeveI P
Intercept 3962.363 1 3962.363 | 15373.74 el
1) Wood species “WS” 22.605 1 22.605 87.71 il
2) Material thickness “MT” 460.795 3 153.598 595.95 i
3) Degree of densification “DOD” 1.686 2 0.843 3.27 o
4) Number of cycles “NC” 2.216 1 2.216 8.60 i
WS * MT 9.951 3 3.317 12.87 ok
WS * DOD 7.306 2 3.653 14.17 ox
MT * DOD 6.651 6 1.108 4.30 el
WS *NC 1.443 1 1.443 5.60 iz
MT * NC 9.982 3 3.327 12.91 i
DOD * NC 2.573 2 1.286 4.99 o
WS * MT * DOD 7.418 6 1.236 4.80 e
WS * MT * NC 3.550 3 1.183 4.59 el
WS * DOD *NC 0.460 2 0.230 0.89 NS
MT * DOD * NC 7.526 6 1.254 4.87 il
1*2*3*4 4.382 6 0.730 2.83 L,
Error 49.485 192 0.258
NS- not significant, *** - significant P < 0.01
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Table 3. Average Values of Bending Characteristics, Density, and Coefficient of

Variance
ol Thicians | Doresesien| ot | v | o |k
(mm) (%) Cycles
Beech 4 0 0 |28(4) (140'.82) (1516.;5) (i?g)
Beech 4 0 10,000 (3.0 (18.2) (g:g) (12.56) (2‘_32)
Beech 4 10 b |26 (g:g) (1‘:‘.52) (?g)
Beech 4 10 10,000 | 2.2 (8.0) (%) (2;56) (2?3)
Beech 4 20 0 [27@7) (gg) (2%?3) (1?3)
Beech 4 20 10,000 (2,0 (16.1) (gzg) (150f17) (Zf_;%
Beech 6 0 0 |35(68) (171'.62) (1%.63) gf)
Beech 6 0 10,000 |3.1 (19.1) (;:8) (1%) (i?f)
Beech 6 10 0 [320159) (172.29) (1%?0) (Tg)
Beech 6 10 10,000 | 3.6 (6.9) (172'?3) (gg) g’g)
Beech 6 20 0 ]25(17.6) (166.76) (1‘;5.38) (?g)
Beech 6 20 10,000 | 3.7 (5.2) (17(5?8) (1‘;?0) (755_-’3?)
Beech 10 0 0 |440144) (122(7)) (2?0) (i?;)
Beech 10 0 10,000 | 5.1 (3.4) (g:g) (1%?0) (65?3)
Beech 10 10 0 [48(41 (1;22) (1??4) (?73)
Beech 10 10 10,000 (7.4 (25.7) (1;12) (1?8) (751_2)
Beech | 10 20 b |#6(83) (1;{;) (f.sz) (?5?)
Beech 10 20 10,000 | 5.1 (4.0) (12?'15) (g’g) (72?2)
Beech | 18 0 i (1212) (1:;?0) (?15)
Beech 18 0 10,000 | 6.3 (9.3) (177.62) (1‘;?6) (%?g)
Beech 18 10 b |B4(63) (1;&) (1‘}4(.)9) (?g)
Beech 18 10 10,000 | 6.4 (3.9) (1322) (:i) (1‘_"3)
Beech 18 20 0 [62@39 (1223) (1%‘.‘4) (Z:.g)
Beech 18 20 10,000 | 6.7 (5.0) (fg:g) (125?9) g’g)
Values in parentheses are coefficients of variation (CV) in %
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o [ AT oo T v T 3 Ty, [y
(mm) (%) Cycles
Roper ! ° 0 (gig) (145..76) (339) (1(.)?)
e 4 0 10,000 (1159'?4) (133;?5) (1‘58) (‘;1.2)
Heen k. 1 g (gig) (157'.09) (12?3) (‘;?22)
i 4 s 10,900 (:?.70) (231'.61) (121.8) (‘;(.)g)
ke * G i (21) (?f;) (2;:.31) (‘;&.3?)
i 4 2 10:000 (227'.97) (1%91) (3?2) (14:.?)
S0 a ¢ g (133.15) (1%99) (2?)?6) (%:.3?)
Aspen i 2 10,000 (1%.18) (2:;) (134?3) (?4?3)
i . u g (1265.93) (g:;) (2‘.126.38) (5;3;)
Aspen 6 s 10,000 (g::) (gfg) (4?:7) (575.3;)
Aspen ® - 9 (124.72) (1%.89) (11?2) (%?g)
p 6 “ 10,000 (g:g) (g:% (12?0) (?50)
g 10 0 . (g:?) (281'.26) (g.%) (Efg)
i 10 0 b s (1‘297) (282'.72) (2?5?7) (sséf)
S 10 10 . (ﬂ) (g:g) (2:;?5) (516.3;)
Aspen | 10 10 10,000 (gig) (1%?5) (2%?6) (55(.52)
Aspen 10 2 - (12.57) (];:cz)) (g.%) gcg)
e 10 20 10,000 (g:;) (1?1?) (2;‘.;1) (163?.%)
Ase ' 0 0 (g:g) (;gﬁl) (1;(.)8) (52?19)
oper 18 0 10,000 (gﬁg) (;‘15:;) (g.%) (1521.%)
el i 1 g (152..76) (;g:g) (g.%) (54(.588)
el I 1 10,000 (g:g) (12:2) (1;(.)4) (iéc})
i s A i (g:g) 2&?; (227) (57§§)
Aspen] ™ = 10:040 (2:1) (;?:g) (198) (56?;)

Values in parentheses are coefficients of variation (CV) in %
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Based on the results of Duncan’s test (Table 4), the factor species was significant
at the level P = 0.0001. Densification of 10% showed the effect at the level P = 0.29 in
comparison with not densified specimens. Densification of 20% in comparison with 10%
was not determined to be significant (P = 0.863). The increase of material thickness showed
in all cases statistical significance at the level P = 0.0001. The number of loading cycles
was not a significant factor.

Table 4. Comparison of the Effects of Individual Factors using Duncan Test on

the Values of the Deflection at the Limit of Proportionality

Wood Species 4.(331 3.%)63
1 Beech 0.000
2 Aspen 0.000
Degree of Densification (%) 0_(3%1 0_(5%1 O.(S;O
1 0 0.029 0.034
2 10 0.029 0.863
3 20 0.034 0.863
Material Thickness (1) 2 (3) (4)
(mm) 2.3974 3.1897 4.6556 6.0102
1 4 0.000 0.000
2 6 0.000 0.000
3 10 0.000 0.000
4 18 0.000 0.000
Number of Cycles 3.\96)71 4_525)93
1 0 0.029
2 10000 0.029

The deflection values at the maximum limit were significantly affected by all of the
monitored factors with the exception of cyclic loading, which has shown to be an
insignificant factor based on the level of significance P (Table 5). Based on these results,
the interaction of all the monitored factors can be considered a combination of statistically
significant values affecting deflection at the maximum limit. The nonsignificant
interactions were WS * DOD, WS * NC, DOD * NC, WS * MT * NC, and MT * DOD *
NC. The respective model explained approximately 92% of the total sum of squares.

The results of Duncan’s test of the influence of all factors on the deflection values
at the maximum limit are displayed in Table 6. The results show a statistically significant
influence of species at the level P =0.0001. A significant influence was confirmed for a
densification of 10% (P =0.007) and 20% (P =0.0001). The thickness showed in all cases
statistical significance at the level P=0.0001. The statistical significance of cyclic loading
was not proven (P = 0.665).
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Table 5. Statistical Evaluation of Factors and their Interaction on Deflection at the
Maximum Limit

2 Sum of Degree of : Fisher's | Significance
Monitored Factor Squares Eresdom Variance F- Test Level P
Intercept 23583.82 1 23583.82 | 7121.682 i
1) Wood species 160.10 1 160.10 48.346 i
2) Material thickness 6057.26 3 2019.09 609.710 ok
3) Degree of densification 71.32 2 35.66 10.769 i
4) Number of cycles 0.62 1 0.62 0.187 NS
WS * MT 108.03 3 36.01 10.874 i
WS * DOD 4.05 2 2.03 0.612 NS
MT *DOD 89.89 6 14.98 4.524 il
WS *NC 6.57 1 6.57 1.985 NS
MT *NC 50.94 3 16.98 5.128 o
DOD *NC 5.86 2 2.93 0.885 NS
WS * MT * DOD 54.53 6 9.09 2.744 -
WS *MT *NC 11.67 3 3.89 1.175 NS
WS * DOD *NC 44.25 2 2213 6.682 i
MT *DOD *NC 15.07 6 2.51 0.758 NS
1*2*3*4 95.29 6 15.88 4.796 i
Error 635.82 192 3.31

NS- not significant, *** - significant P < 0.01

Table 6. Comparison of the Effects of Individual Factors using Duncan Test on
the Values of the Deflection at the Maximum Limit

i (1) (2)
Wood Speties 10.730 | 9.0962
1 Beech 0.000
2 Aspen 0.000
Degree of Densification (1 (2 (3)
(%) 9.2104 9.9892 10.539

1 0 0.007 0.000
2 10 0.007 0.056
3 20 0.000 0.056

Material Thickness 1) (2 3 (4)

(mm) 4.4055 6.8227 10.739 17.684

1 4 0.000 0.000 0.000
2 6 0.000 0.000 0.000
3 10 0.000 0.000 0.000
4 18 0.000 0.000 0.000

Number of cycles 9.;13)21 g,g(.)%)37
1 0 0.665
2 10000 0.665

The average deflection values at the limit of proportionality in aspen wood (3.75
mm) were lower compared to beech wood (4.8 mm) by 21.87% (Fig. 4). This was
confirmed by the results shown in Table 3, which revealed a statistically significant effect
of the wood species on the monitored characteristic. Beechis a typical example of bendable
wood; it has long fibers and a uniform width of annual growth rings that predisposes it to
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Table 7. Statistical Evaluation of Factors and their Interaction on Ratio of
Deflection

: Sum of Degree of : Fisher's | Significance
Mloneied. Factor Squares Frgedom VAnanes F- Test 9I,.evel P
Intercept 495717 .4 1 495717.4 | 6695.953 i
1) Wood species 5.6 1 5.6 0.076 NS
2) Material thickness 11604.6 3 3868.2 52.250 i
3) Degree of densification 328.1 2 164.1 2.216 NS
4) Number of cycles 647.5 1 647.5 8.746 ek
WS *MT 822.8 3 274.3 3.704 o
WS *DOD 315.2 2 157.6 2.129 NS
MT * DOD 593.3 6 98.9 1.336 NS
WS *NC 3.3 1 3.3 0.045 NS
MT *NC 777.6 3 259.2 3.501 ok
DOD *NC 449.6 2 224.8 3.037 NS
WS *MT * DOD 1091.3 6 181.9 2.457 ok
WS * MT *NC 320.1 3 106.7 1.441 NS
WS *DOD *NC 963.2 2 481.6 6.505 o
MT * DOD * NC 459.1 6 76.5 1.034 NS
1*2*3*4 865.8 6 144.3 1.949 NS
Error 14214.2 192 74.0

NS - not significant, *** - significant P < 0.01

The results of Duncan’s test (Table 8), confirmed the results shown in Table 7. The
species had no influence on the ratio of deflection (P = 0.783). A densification of 10% was
not statistically significant (P = 0.130) and a densification of 20% was close to being
insignificant (P = 0.055). Cyclic loading significantly influenced the tested property at the
level P =0.003.

Table 8. Comparison of the Effects of Individual Factors using Duncan Test on
the Values of the Deflection at the Maximum Limit

; (1) (2)
Wood Spacies 45601 | 45294
1 Beech 0.783
2 Aspen 0.783
Degree of Densification 1) (2) (3)
(%) 47.052 44.992 44.299
1 0 0.130 0.055
2 10 0.130 0.610
3 20 0.055 0.610
Material Thickness 1 (2 3) (4)
(mm) 54.833 47.245 44.304 35.408
1 4 0.000 0.000 0.000
2 6 0.000 0.061 0.000
3 10 0.000 0.061 0.000
4 18 0.000 0.000 0.000
(1) (2)
Number of Cycles 43 805 47 090
1 0 0.003
2 10000 0.003
Sikora et al. (2017). “Bending of hardwood,” BioResources 12(2), 3192-3210. 3205
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Impact of Selected Factors on the Bending Forces at the
Proportionality Limit and Yield Point in Laminated
Veneer Lumber

Tomas Svoboda,* Adam Sikora,»* Vladimir Zaborsky,* and Zuzana Gaffova ®

Knowledge of the force required to overcome deformation at the
proportionality limit, yield point, as well as knowledge of the effect of
selected factors on the characteristics during bending stress, have
scientific and practical significance. They are the basis for designing tools
for bending and accurately determining the stresses to which products and
their parts may be subjected during use. This study analyzed the effect of
selected factors on the selected characteristics, including the forces at the
proportionality limit (Fe) and yield point (Fp). The chosen factors of this
study were the wood species (Fagus sylvatica L. and Populus tremula L.),
non-wood component (carbon and fiberglass), non-wood component
position in the composition matrix (up and down), material thickness (6
mm, 10 mm, and 18 mm), and adhesive used (polyvinyl acetate and
polyurethane), as well as their combined interaction. The results
contributed to the advancement of knowledge necessary for the study and
development of new materials with specific properties for their intended
use. The results could improve the innovative potential of wood processing
companies and increase their performance and competitiveness in the
market.

Keywords: Product innovations; Laminated wood; Force at the proportionality limit; Force at the
maximum limit

‘ontact information: a: Department of Wood Processing and Biomaterials, Czech University of Life
Sciences in Prague, Kamycka 1176, Prague 6 - Suchdol, 16521 Czech Republic; b: Department of Forest
and Wood Products Economics, Czech University of Life Sciences in Prague, Kamycka 1176, Praha 6 -
Suchdol, 16521 Czech Republic; *Corresponding author: sikoraa@fld.czu.cz

INTRODUCTION

From an environmental point of view, wood is a renewable material, which makes
it important. Wood has always been present in the lives of people, and it is still widely used
today. A great advantage of wood is its elasticity in relation to its density. However, it is
characterized by a low flexibility and difficulty in molding, especially in bigger material
sizes. These negative properties motivate the development and application of lamination
(Aydin et al. 2004).

Wood-based laminated veneer lumber (LVL) materials consist of several
components, but the basic component is wood. The composition design and production of
LVL materials is primarily geared to the intended use of the material. Therefore, to create
LVL, itis necessary to understand the proposed composition under the influence of various
factors. The individual layers of this material can be modified or unmodified. The
properties of these materials can be monitored and assessed on the basis of a force-
deflection diagram, in which the forces required to achieve deflection at the proportionality
limit and yield point can be determined (Fig. 1).
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wood component was verified after comparison with the results of Svoboda et al. (2017),
who determined the forces at the proportionality limit and yield point for laminated
materials without non-wood components.

Table 1. Mean Values of the Forces at the Proportionality Limit and Yield Point,
and the Coefficient of Variance of the Aspen Wood

=
@

NWC |NWC Location| Glue |T(mm) Code Fe (N) Fp (N)

o
>

PUR 6 A-CA-U-PUR-6 |419 (18.8) | 614 (17.4)
PUR 10 | A-CA-U-PUR-10 |650 (19.0) | 1078 (18.8)
PUR 18 | A-CA-U-PUR-18 [850 (15.4) | 2087 (9.4)
PVAC 6 A-CA-U-PVAC-6 | 249 (7.5) | 622(8.9)
PVAc | 10 | A-CA-U-PVAc-10 |339 (17.7)| 707 (18.6)
PVAc | 18 | A-CA-U-PVAc-18 |783 (12.2) [ 1536 (12.2)
PUR 6 A-LA-U-PUR-6 [219 (17.8)| 441 (20.8)
PUR 10 | A-LA-U-PUR-10 |[531(15.2) | 965 (18.1)
PUR 18 | A-LA-U-PUR-18 | 958 (7.4) | 1454 (7.8)
PVAC 6 A-LA-U-PVAC-6 | 183 (18.0) | 462 (19.4)
PVAC | 10 | A-LA-U-PVAc-10 |459 (13.4)| 946 (19.5)
PVAc | 18 | A-LA-U-PVAc-18 |817 (10.2) [ 1417 (13.1)
PUR 6 A-CA-D-PUR-6 |572(19.2)| 869 (7.7)
PUR 10 | A-CA-D-PUR-10 |916 (20.5) | 1632 (18.1)
PUR 18 | A-CA-D-PUR-18 |987 (11.0) | 2112 (19.0)
PVAC 6 A-CA-D-PVAC-6 |557 (15.9) | 782 (10.3)
PVAC | 10 | A-CA-D-PVAc-10 | 672 (4.6) | 1204 (17.9)
PVAc | 18 | A-CA-D-PVAc-18 |724 (15.8) | 1528 (13.1)

PUR 6 A-LA-D-PUR-6  [340 (15.2) | 554 (16.2)

PUR 10 A-LA-D-PUR-10 |617 (20.0) | 1090 (15.2)
1094

PUR 18 A-LA-D-PUR-18 (14.9) 1515 (14.6)

PVAC 6 A-LA-D-PVAC6 | 344 (4.7) | 512(6.2)
PVAc | 10 | A-LA-D-PVAc-10 |488 (11.5)| 1049 (2.6)
A D PVAc | 18 | A-LA-D-PVAc-18 |928 (14.0)| 1517 (16.1)

WS - wood species; NWC - non-wood component; T — thickness; Fe — force at the proportionality
limit; Fp — force at the yield point; A — aspen; CA — carbon; LA - fiberglass; U — up; D — down

(2| > B> > > > >
O|0O| O |O|(0|0|0(0(0|0|0|C|(Cc|Cc(Cc|c|c|c|c|c|c|c|c

SIS 5 [5I5 (222222555555 2(2(28]8

Table 2 shows the average values and variation coefficients (in parentheses) of the
forces at the proportionality limit (Fe) and yield point (Fe) for the laminated beech materials
reinforced with non-wood components and glued with PVAc and PUR. The largest force
at the proportionality limit (1419 N) was measured in the test specimens with an overall
thickness of 18 mm and carbon fibers glued with PVAc on the convex side relative to the
load direction. The largest force at the yield point (2405 N) was measured on the 18-mm-
thick test specimens with fiberglass glued on the convex side with PVAc adhesive. After
comparing the results with those of Svoboda et al. (2017), the same conclusions were
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wood component was verified after comparison with the results of Svoboda et al. (2017),
who determined the forces at the proportionality limit and yield point for laminated
materials without non-wood components.

Table 1. Mean Values of the Forces at the Proportionality Limit and Yield Point,
and the Coefficient of Variance of the Aspen Wood

WS | NWC |NWC Location| Glue |T(mm) Code Fe (N) Fe (N)

A | cA U PUR | 6 A-CA-U-PUR6 |419 (18.8)| 614 (17.4)
A | cA U PUR | 10 | A-CA-U-PUR-10 |650 (19.0)| 1078 (18.8)
A | cCA U PUR | 18 | A-CA-U-PUR-18 |850 (154)| 2087 (9.4)
A | CA U PVAC | 6 | A-CA-U-PVAC6 | 249 (7.5 | 622(8.9)
A | cA U PVAC | 10 | A-CA-U-PVAC-10 |339 (17.7)| 707 (18.6)
A | CA U PVAC | 18 | A-CA-U-PVAC-18 |783 (12.2) | 1536 (12.2)
A | LA U PUR | 6 A-LA-U-PUR-6 |219 (17.8) | 441 (20.8)
A | LA U PUR | 10 | ALA-U-PUR-10 |531(15.2)| 965 (18.1)
A | LA U PUR | 18 | ALA-U-PUR-18 | 958 (7.4) | 1454 (7.8)
A | LA U PVAC | 6 | A-LA-U-PVAG-6 |183(18.0)| 462 (19.4)
A | LA U PVAC | 10 | A-LA-U-PVAC-10 |459 (13.4)| 946 (19.5)
A | LA U PVAC | 18 | ALA-U-PVAC-18 |817 (102) | 1417 (13.1)
A | CA D PUR | 6 A-CA-D-PUR6 |572(19.2)| 869 (7.7)
A | CA D PUR | 10 | A-CA-D-PUR-10 |916 (20.5)| 1632 (18.1)
A | CA D PUR | 18 | A-CA-D-PUR-18 |987 (11.0)|2112 (19.0)
A | CA D PVAC | 6 | ACAD-PVAc6 |557(159)| 782 (10.3)
A | CA D PVAC | 10 | A-CA-D-PVAC-10 | 672 (4.6) | 1204 (17.9)
A | CA D PVAC | 18 | A-CA-D-PVAc-18 |724 (15.8) | 1528 (13.1)
A | LA D PUR | 6 A-LA-D-PUR-6 | 340 (152) | 554 (16.2)
A | LA D PUR | 10 | ALA-D-PUR-10 |617 (20.0)]1090 (15.2)
Al LA D PUR | 18 | A-LA-D-PUR-18 (113?3) 1515 (14.6)
A | LA D PVAC | 6 | ALA-D-PVAC-6 | 344 (4.7) | 512 (6.2)
A | LA D PVAC | 10 | A-LA-D-PVAC-10 |488 (115)| 1049 (2.6)
A | LA D PVAC | 18 | A-LA-D-PVAC-18 |928 (14.0)| 1517 (16.1)

WS - wood species; NWC — non-wood component; T — thickness; Fe — force at the proportionality
limit; Fp — force at the yield point; A — aspen; CA — carbon; LA - fiberglass; U — up; D — down

Table 2 shows the average values and variation coefficients (in parentheses) of the
forces at the proportionality limit (Fe) and yield point (Fp) for the laminated beech materials
reinforced with non-wood components and glued with PVAc and PUR. The largest force
at the proportionality limit (1419 N) was measured in the test specimens with an overall
thickness of 18 mm and carbon fibers glued with PVAc on the convex side relative to the
load direction. The largest force at the yield point (2405 N) was measured on the 18-mm-
thick test specimens with fiberglass glued on the convex side with PVAc adhesive. After
comparing the results with those of Svoboda ef al. (2017), the same conclusions were
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reached as for the laminated aspen materials. The effectiveness of the type of adhesive is
determined by the surface structure of the bonded surface, as has been shown in the
research by Vallée ef al. (2015). The results of this research were used to verify the effects
of the adhesive on all the characteristics observed for both beech and poplar layered wood.

Table 2. Mean Values of the Forces at the Proportionality Limit and Yield Point,
and Coefficient of Variance of the Beech Wood

WS | NWC | NWC Location| Glue |T(mm) Code Fe (N) Fp (N)

B | CA u PUR | 6 B-CA-U-PUR6 | 658 (18.8) |1011 (11.4)
B | CA U PUR | 10 | B-CA-U-PUR-10 | 687 (16.6) | 1447 (18.3)
B | CA u PUR | 18 | B-CA-U-PUR-18 | 926 (11.7) |1472 (11.9)
B | CA U PVAc | 6 | B-CA-UPVAC6 | 342(83) | 815(9.0)
B | CA U PVAc | 10 | B-CA-U-PVAC-10 | 841 (12.2) | 1858 (6.7)
B | cA u PVAc | 18 | B-CA-U-PVAc-18 (11%% 1982 (12.6)
B | LA u PUR | 6 B-LAU-PUR-6 | 201 (12.4) | 464 (10.5)
B | LA u PUR | 10 | B-LA-U-PUR-10 | 758 (14.4) | 1638 (18.3)
B | LA u PUR | 18 | B-LA-U-PUR-18 (11?;11) 2253 (14.4)
B | LA u PVAc | 6 | B-LA-U-PVAc-6 | 341(9.2) | 841 (9.0)
B | LA u PVAc | 10 | B-LA-U-PVAc-10 | 763 (11.9) | 1724 (18.3)
B | LA u PVAc | 18 | B-LA-U-PVAc-18 (11%?:) 2189 (20.6)
B | CA D PUR | 6 B-CAD-PUR6 | 874 (21.0) |1418 (11.9)
B | CA D PUR | 10 | B-CA-D-PUR-10 | 968 (12.1) | 1546 (15.2)
B | CA D PUR | 18 | B-CA-D-PUR-18 | 1076 (8.0) | 1508 (16.8)
B | CA D PVAc | 6 | B-CAD-PVAC6 |641(17.0) | 1119 (8.5)
B | cA D PVAc | 10 | B-CA-D-PVAc-10 (12361_2) 2320 (7.7)
B | cA D PVAc | 18 | B-CA-D-PVAc-18 (11‘}51_3) 2117 (19.1)
B | LA D PUR | 6 B-LAD-PUR-6 | 293 (26.4) | 586 (11.0)
B | LA D PUR | 10 | B-LA-D-PUR-10 | 781(14.6) |1733 (16.0)
B | LA D PUR | 18 | B-LA-D-PUR-18 (1131‘_‘19) 2399 (15.9)
B | LA D PVAc | 6 | B-LA-D-PVAc-6 | 499 (14.8) | 860 (10.6)
B | LA D PVAc | 10 | B-LA-D-PVAc-10 | 781 (14.7) | 1668 (15.5)
B | LA D PVAc | 18 | B-LA-D-PVAc-18 (11 171.3) 2405 (20.8)

WS - wood species; NWC — non-wood component; T — thickness; Fe — force at the proportionality
limit; Fp — force at the yield point; B — beech; CA — carbon; LA - fiberglass; U — up; D — down

All of the measured data was statistically evaluated using a single-factor analysis,
in which the test specimen type was chosen as the default factor. The evaluation was based
on the significance level p, which was less than 0.005.
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Tables 3 and 4 show the statistical evaluation of the effect of the test specimen type
on the force at the proportionality limit in the aspen laminated materials with the non-wood
component placed on the top or bottom side with respect to the direction of the stress. The
results clearly showed that the test specimen type had a significant effect on the force at
the proportionality limit.

Table 3. Statistical Evaluation of the Effect of the Factors and their Interaction on
the Force at the Proportionality Limit for Aspen and NWC Down

Moniltorad Factor Sum of Degrees of Varance Fisher’'s | Significance
Squares Freedom F-test Level
Intercept 46153050 1 46153050 4765.727 ok
1) Type of Sample 4295507 11 390501 40.323 il
Error 1045912 108 9684

NS - not significant, *** — significant at p < 0.005

Table 4. Statistical Evaluation of the Effect of the Factors and their Interaction on
the Force at the Proportionality Limit for Aspen and NWC Up

. Sum of Degrees of 5 Fisher’'s | Significance
Monitored Factor Squares Fr?aedom Variance F-test gLeveI
Intercept 28234194 1 28234194 4206.166 b
1) Type of Sample 8009036 11 728094 108.467 eex
Error 677970 101 6713

NS - not significant, *** — significant p < 0.005

Tables 5 and 6 show the statistical evaluation of the effect of the test specimen type
on the force at the proportionality limit in the beech laminated materials with the non-wood
component placed on the top or bottom side with respect to the direction of the stress. These
results showed that the test specimen type had a significant effect on the force at the
proportionality limit.

Table 5. Statistical Evaluation of the Effect of the Factors and their Interaction on
the Force at the Proportionality Limit for Beech and NWC Down

Degrees . i -
Monitored Factor Ssqulzzrzts of Variance F;:s_ ?eesrts Sngrlilg;:;nce
Freedom
Intercept 101134235 1 101134235 3397.933 s
1) Type of Sample 12696908 11 1154264 38.781 i
Error 3214453 108 29763

NS - not significant, *** — significant p < 0.005

Table 6. Statistical Evaluation of the Effect of the Factors and their Interaction on
the Force at the Proportionality Limit for Beech and NWC Up

Degrees . 5 -
Monitored Factor SS ul?;r:; of Variance F:f_ :‘:;ts Slgrll-lél\::;nce
a Freedom
Intercept 63365377 1 63365377 2105.246 Ly
1) Type of Sample 21213860 11 1928533 64.073 ok
Error 3431262 114 30099

NS - not significant, *** — significant p < 0.005
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The statistical evaluation of the effect of the test specimen type on the force at the
yield point in the layered aspen materials with the non-wood component on the top or
bottom side in relation to the direction of the stress is shown in Tables 7 and 8. The results
clearly showed that the test specimen type had a significant effect on the force at the yield
point.

Table 7. Statistical Evaluation of the Effect of the Factors and their Interaction on
the Force at the Yield Point for Aspen and NWC Down

Degrees y s T
Monitored Factor ssquu"e‘lrgfs of Variance F;i:‘:;ts Slg::::::;nce
Freedom
Intercept 171984002 1 171984002 | 4192.093 i
1) Type of Sample 25344583 11 2304053 56.161 ok
Error 4430787 108 41026

NS - not significant, *** — significant p < 0.005

Table 8. Statistical Evaluation of the Effect of the Factors and their Interaction on
the Force at the Yield Point for Aspen and NWC Up

Degrees g . oo
Monitored Factor ssquu'grzfs of Variance F;:s-?:srts Slng\_Z::::lnce
Freedom
Intercept 131628796 1 131628796 | 4477.039 e
1) Type of Sample 62616662 11 5692424 193.614 i
Error 2969487 101 29401

NS - not significant, *** — significant p < 0.005

The results of the statistical evaluation of the effect of the test specimen type on the
force at the yield point in the layered beech materials with the non-wood component on the
top or bottom side in relation to the direction of the stress are shown in Tables 9 and 10.
These results clearly showed that the test specimen type had a significant effect on the force
at the yield point.

Table 9. Statistical Evaluation of the Effect of the Factors and their Interaction on
the Force at the Yield Point for Beech and NWC Down

. Sum of Degrees of . Fisher’'s | Significance
Monitored Factor Squares Flgedom Variance F-test gLeveI
Intercept 322747426 1 322747426 | 4281.145 i
1) Type of Sample 39241711 11 3567428 47.321 il
Error 8141916 108 75388

NS - not significant, *** — significant p < 0.005

Table 10. Statistical Evaluation of the Effect of the Factors and their Interaction
on the Force at the Yield Point for Beech and NWC Up

. Sum of Degree of s Fisher’'s | Significance
Monitored Factor Squares Frgedom Variance F-test 9 Lavel
Intercept 282099740 1 282099740 | 2095.762 i
1) Type of Sample 103786852 11 9435168 70.095 bl
Error 15344954 114 134605

NS - not significant, *** — significant p < 0.005
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Table 11. Comparison of the Effects of the Sample Type Using Duncan’s Test on the Force at the Proportionality
Limit for Aspen and NWC Down

No Sample (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) | (11) | (12)
| “type | 572 | 915 | 986 | 557 | 672 | 723 | 340 | 517 | 694 | 344 | 488 | 628
T | AcCAD:
PUR-6
A-CAD-
2 [ &EAD | o000
A-CAD-
3 | ASAD- | 0000 |o0.108
A-CAD-
4 | BCAD 10740 | 0.000 | 0.000
A-CA-D-
5 | ACAD. | 0032 0.000 | 0.000 | 0.017
A-CAD-
6 | ACAD- 10002 | 0.000 | 0.000 | 0001 | 0.275
A-LAD-
7 | EoRD- 10,000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
g | ALAD- 14244 |0.000 | 0.000 | 0363 |0.001 | 0.000 | 0.000
pur-10 | % : : : : : :
A-LAD-
o [ ALAD 10011 |0.000 | 0.000 | 0.005 | 0.615 | 0.508 | 0.000 | 0.000
A-LAD-
10 | AAD- 10,000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.926 | 0.000 | 0.000
ALA-D-
11 | BEAD- 10084 | 0.000 | 0.000 | 0.141 | 0.000 | 0.000 | 0.002 | 0.512 | 0.000 | 0.002
12 | S0 10201 | 0.000 | 0.000 | 0129 | 0.323 | 0.049 | 0.000 | 0.021 | 0.161 | 0.000 | 0.004
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Table 12. Comparison of the Effects of the Sample Type Using Duncan’s Test on the Force at the Proportionality
Limit for Aspen and NWC Up

No Sample (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) | (11) | (12)
. Type
| ACAD
PUR-6
A-CA-D-
2 | Pupay |99
A-CA-D-
3 | ACSAD- 100000000
A-CA-D-
4 | ACAD 10,000 | 0.000 | 0.000
A-CA-D-
5 | ACAD 10050 0.000 | 0.000 | 0.027
A-CA-D-
6 | ACAD- 10000 0.0510.005 | 0.000 | 0.000
ALAD-
7 | AU | 0.000 | 0.000 | 0.000 | 0.455 | 0.005 | 0.000
ALAD-
8 | AAD- 10000 | 0.004 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
ALAD-
o | ALAD- 100000000 | 0.009 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
10 ﬁtﬁ‘;’%‘ 0.000 | 0.000 | 0.000 | 0.129 | 0.000 | 0.000 | 0.386 | 0.000 | 0.000
11 | ALAD- 15335 0.000 | 0.000 | 0.000 | 0.005 | 0.000 | 0.000 | 0.076 | 0.000 | 0.000
PVAC-10
12 | ALAD 10,000 | 0.000 | 0.416 | 0.000 | 0.000 | 0.033 | 0.000 | 0.000 | 0.001 | 0.000 | 0.000
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Table 13. Comparison of the Effects of the Sample Type Using Duncan’s Test on the Force at the Proportionality
Limit for Beech and NWC Down

No.| Sample (1) (2) (3) (4) (5) (6) (7) (8) (9 | (10) | (1) | (12)
| Type | 874 | 967 | 1076 | 640 | 1316 | 1419 | 293 | 781 | 1248 | 498 | 781 | 1119
| BCAD:
PUR-6
B-CAD-
2 | ‘pupag: |
B-CAD-
3 | BCAD o014 0162
B-CAD-
a | BEAD 10,006 | 0.000 | 0.000
B-CAD-
5 | BCAD- 0000 [ 0.000 | 0.004 | 0.000
B-CAD-
6 | BCAD- 10,000 0.000 | 0.000 | 0.000 | 0.186
B-LAD-
7 | BT 0.000 | 0,000 | 0.000 | 0.000 | 0.000 | 0.000
BLAD-
s | BLAD- 10260 | 0.027 | 0.001 | 0.072 | 0.000 | 0.000 | 0.000
B-LAD-
o | BLAD- 10000 | 0.001 | 0.035 | 0.000 | 0.384 | 0.038 | 0.000 | 0.000
BLAD-
10 | ZAD 10000 | 0000 | 0.000 | 0.068 | 0.000 | 0.000 | 0.009 | 0.001 | 0.000
11 | BEAD- 5535 | 0.023 | 0.000 | 0.088 | 0.000 | 0.000 | 0.000 | 0.999 | 0.000 | 0.001
PVAC-10
12 | BLAD- 10,003 | 0065 | 0581 | 0.000 | 0.016 | 0.000 | 0.000 | 0.000 | 0.095 | 0.000 | 0.000
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Table 14. Comparison of the Effects of the Sample Type Using Duncan’s Test on the Force at the Proportionality
Limit for Beech and NWC Up

No.| Sample (1) (2) (3) (4) (5) (6) (7) (8) (9 | (10) | (1) | (12)
| Type | 658 | 687 | 1225 | 342 | 841 | 1371 | 201 | 757 | 1470 | 341 | 763 | 1753
| BCAD:-
PUR-6
B-CAD-
2 | Pur-to | 9748
B-CAD-
3 | BCAD 10000 | 0.000
B-CAD-
4 | BEAD- 10001 0.000 | 0.000
B-CAD-
5 | BCAD- 10075 0.127 | 0.000 | 0.000
B-CAD-
6 | BCAD- 10000 | 0.000 | 0.113 | 0.000 | 0.000
B-LAD-
7 | BHAD 10,000 | 0.000 | 0.000 | 0.147 | 0.000 | 0.000
BLAD-
8 | BLAD- 10307 0.442 0.000 | 0.000 | 0.394 | 0.000 | 0.000
B-LAD-
o | BLAD- 100000000 0011|0000 0.000 | 0278 | 0.000 | 0.000
BLAD-
10 | ZLAD 1 0.001 | 0.000 | 0.000 | 0.992 | 0.000 | 0.000 [ 0.127 [ 0.000 | 0.000
11 | BLAD- 1699 | 0.437 | 0.000 | 0.000 | 0.396 | 0.000 | 0.000 | 0.951 | 0.000 | 0.000
PVAC-10
12 | BLAD- 10,000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.037 | 0.000 | 0.000 [ 0.262 | 0.000 | 0.000
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Table 15. Comparison of the Effects of the Sample Type Using Duncan’s Test on the Force at the Yield Point for
Aspen and NWC Down

No Sample (1) (2) (3) (4) (5) (6) (7) (8) (9) | (10) | (11) | (12)
| “type | 869 | 1631 | 2112 | 782 | 1203 | 1527 | 554 | 1090 | 1514 | 512 | 1048 | 1517
| ACAD-
PUR-6
A-CAD-
2 | pupayy |90
A-CAD-
3 | ACAD- 10000 | 0.000
A-CAD-
a | ACAD 10339 | 0.000 | 0.000
A-CAD-
5 | ACAD 00010000 | 0.000 | 0.000
A-CAD-
6 | ACAD 10000 |0.253 | 0000 | 0.000 | 0.001
ALAD-
7 | AoEB | 0.001 | 0.000 | 0.000 | 0.013 | 0.000 | 0.000
ALAD-
8 | ALAD- 100220000 | 0.000 | 0.002 0214 | 0.000 | 0.000
A-LAD-
o | ALAD 100000245 |0.000 | 0.000 | 0.001 | 0.894 | 0.000 | 0.000
10 ';'\';:é% 0.000 | 0.000 | 0.000 | 0.005 | 0.000 | 0.000 | 0.646 | 0.000 | 0.000
11 | ALAD- 14650 | 0.000 | 0.000 | 0.006 | 0.109 | 0.000 | 0.000 | 0.647 | 0.000 | 0.000
PVAc-10
12 | BLAD 10,000 | 0.237 | 0.000 | 0.000 | 0.001 | 0.909 | 0.000 | 0.000 | 0.978 | 0.000 | 0.000
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Table 16. Comparison of the Effects of the Sample Type Using Duncan’s Test on the Force at the Yield Point for
Aspen and NWC Up

No Sample (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) | (11) | (12)
‘| “Type 613 | 1078 | 2286 | 621 | 707 | 1535 | 441 | 964 | 2451 | 461 | o46 | 1715
. | ACAD:
PUR-6
A-CAD-
2 | Pur-p | 9000
A-CAD-
3 | ACAD- | 0.000 | 0.000
A-CAD-
4 | BCAD 109220000 | 0.000
A-CAD-
5 | ACAD 10290 | 0000 | 0.000 | 0313
A-CAD-
6 | ACAD10.000 | 0.000 | 0.000 | 0.000 | 0.000
ALAD-
7 | AUAD 0,055 [ 0,000 | 0.000 | 0.051 | 0.004 | 0.000
ALAD-
8 | ALAD 10000 [ 0.183| 0000 | 0.000 | 0.004 | 0.000 | 0.000
A-LAD-
o | ALAD 1 0.000 | 0000|0049 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
10 ’;'\';ﬁé% 0.075 | 0.000 | 0.000 | 0.075 | 0.008 | 0.000 | 0.808 | 0.000 | 0.000
11 | ALAD- 14000 | 0.144 | 0.000 | 0.000 | 0.006 | 0.000 | 0.000 | 0.826 | 0.000 | 0.000
PVAC-10
12 | ALAD- 10,000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.035 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
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Table 17. Comparison of the Effects of the Sample Type Using Duncan’s Test on the Force at the Yield Point for
Beech and NWC Down

No.| Sample (1) (2) (3) (4) (5) (6) (7) (8) (9) | (10) [ (11) | (12)

Type | 1418 | 1545 | 1508 | 1119 | 2320 | 2117 | 586 | 1732 | 2398 | 860 | 1667 | 2405
1 B,;Sg'g' 0.332 | 0.464 | 0.017 | 0.000 | 0.000 | 0.000 | 0.022 | 0.000 | 0.000 | 0.065 | 0.000
2 | B |ease 0.761 | 0.001 | 0.000 | 0.000 | 0.000 | 0.154 | 0.000 | 0.000 | 0.322 | 0.000
3 | BEAD- 10464 | 0781 0.003 | 0.000 | 0.000 | 0.000 | 0.098 | 0.000 | 0.000 | 0.225 | 0.000
4 | BCAD- 10017 | 0001|0003 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.037 | 0.000 | 0.000
5 | BCAD 10000 | 0000 | 0000 |0.000 0.101 | 0.000 | 0.000 | 0.524 | 0.000 | 0.000 | 0.519
6 | pumea- | 0.000 | 0000 | 0.000 | 0.000 | 0101 0.000 | 0.002 | 0.031 | 0.000 | 0.001 | 0.032
7 | B0 1 0.000 | 0000 | 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.028 | 0.000 | 0.000
8 | DLAD- 10.0220.154 | 0.098 | 0.000 | 0.000 | 0.002 | 0.000 0.000 | 0.000 | 0.599 | 0.000
o | BLAD- 10.000 | 0000 | 0.000 | 0.000 | 0.524 | 0.031 | 0.000 | 0.000 0.000 | 0.000 | 0.958
10 | SLAD- 1 0.000 | 0.000 | 0.000 | 0.037 | 0.000 | 0.000 | 0.028 | 0.000 | 0.000 0.000 | 0.000
11 | SLAD- 1 0.085 | 0.322 | 0.225 | 0.000 | 0.000 | 0.001 | 0.000 | 0.599 | 0.000 | 0.000 0.000
12 | SLAD- 1 0.000 | 0.000 | 0.000 | 0.000 | 0519 | 0.032 | 0.000 | 0.000 | 0.958 | 0.000 | 0.000
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Table 18. Comparison of the Effects of the Sample Type Using Duncan’s Test on the Force at the Yield Point for
Beech and NWC Up

No Sample (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) | (11) | (12)
| “type | 1011 | 1647 | 2471 | 815 | 1857 | 2582 | 464 | 1638 | 2552 | 840 | 1723 | 3989
. | BCAD-
PUR-6
B-CA-D-
2 | purp |9002
B-CA-D-
3 | BCAD- | 0.000 | 0.000
B-CA-D-
4 | BOAD- 103410000 | 0.000
B-CA-D-
5 | BCAD- 10,000 | 0308 | 0.002 | 0.000
B-CA-D-
6 | BCAD-10.000 0000 | 0592 0.000 | 0.001
B-LA-D-
7 | BT 0.009 [ 0.000 | 0.000 | 0.071 | 0.000 | 0.000
B-LA-D-
8 | BLAD 10002 | 0963 0.000 | 0.000 | 0.306 | 0.000 | 0.000
B-LA-D-
o | BLAD 1 0.000 | 0000|0674 | 0.000 | 0.001 | 0.878 | 0.000 | 0.000
10 E{\';ﬁé% 0.378 | 0.000 | 0.000 | 0.893 | 0.000 | 0.000 | 0.066 | 0.000 | 0.000
11| BLAD- 145001 | 0692 | 0.000 | 0.000 | 0.489 | 0.000 | 0.000 | 0.679 | 0.000 | 0.000
PVAC-10
12 | BLAD- 10,000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
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Figure 6 clearly shows that the largest force required to reach the yield point for the
aspen lamellas was found with the 18-mm-thick samples with carbon on the bottom of the
lamella. These lamellas were glued with PUR adhesive. The smallest force needed to reach
the yield point was found with the 6-mm-thick lamellas with fiberglass on the top, this
material reached only 20.9 % of the force at the yield point in comparison to the above-
mentioned material. The trend was therefore similar to that of the proportionality limit for
the aspen lamellas.

As was the case for the proportionality limit, the results for the yield point for the
beech lamellas were different (Fig. ). The largest force needed to reach the yield point for
the beech lamellas was found with the 18-mm-thick specimens that had fiberglass on the
bottom of the lamella, unlike the aspen lamellas. These lamellas were glued with PVAc
adhesive. The smallest test values were recorded with the beech lamellas bonded with
PVAc adhesive and reinforced with fiberglass on the top. This material reached only 22.7%
of force at the yield point relative to the above-mentioned material.

CONCLUSIONS

1. It was generally found that the monitored characteristics, namely the forces at the
proportionality limit and yield point, reached higher values in the laminated beech
wood modified with a non-wood component than in the laminated aspen wood
modified with a non-wood component.

2. For the aspen laminated wood with a non-wood component, it can be safely said that
the largest values of the monitored characteristics were measured in the test specimens
with a non-wood component glued on the convex side with respect to the stress. These
materials showed that the largest forces at the proportionality limit and yield point were
achieved when the individual layers were glued with PUR adhesive. The results for the
effect of the non-wood component in the aspen laminates on the force at the
proportionality limit showed that fiberglass glued to the convex side had the greatest
effect. For the force at the yield point, the opposite trend was found, i.e., larger values
were achieved using carbon fibers glued to the convex side.

3. In the case of the laminated wood with beech and non-wood components, an opposite
trend was found with regards to the effect of the adhesive compared with the aspen
specimens. The PVAc glue was shown to be the most effective adhesive for the
monitored characteristics. As for the effect of the non-wood component, an opposite
trend compared with that of the laminated aspen specimens was also seen. For the force
at the proportionality limit, modification with carbon fibers was shown to be the best,
and for the force at the yield point, modification with fiberglass was the best.

4. As was expected, the material thickness proved to be a significant factor that affected
the forces at the proportionality limit and yield point for all of the materials.
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Figure 6 clearly shows that the largest force required to reach the yield point for the
aspen lamellas was found with the 18-mm-thick samples with carbon on the bottom of the
lamella. These lamellas were glued with PUR adhesive. The smallest force needed to reach
the yield point was found with the 6-mm-thick lamellas with fiberglass on the top, this
material reached only 20.9 % of the force at the yield point in comparison to the above-
mentioned material. The trend was therefore similar to that of the proportionality limit for
the aspen lamellas.

As was the case for the proportionality limit, the results for the yield point for the
beech lamellas were different (Fig. ). The largest force needed to reach the yield point for
the beech lamellas was found with the 18-mm-thick specimens that had fiberglass on the
bottom of the lamella, unlike the aspen lamellas. These lamellas were glued with PVAc
adhesive. The smallest test values were recorded with the beech lamellas bonded with
PVAc adhesive and reinforced with fiberglass on the top. This material reached only 22.7%
of force at the yield point relative to the above-mentioned material.

CONCLUSIONS

1. It was generally found that the monitored characteristics, namely the forces at the
proportionality limit and yield point, reached higher values in the laminated beech
wood modified with a non-wood component than in the laminated aspen wood
modified with a non-wood component.

2. For the aspen laminated wood with a non-wood component, it can be safely said that
the largest values of the monitored characteristics were measured in the test specimens
with a non-wood component glued on the convex side with respect to the stress. These
materials showed that the largest forces at the proportionality limit and yield point were
achieved when the individual layers were glued with PUR adhesive. The results for the
effect of the non-wood component in the aspen laminates on the force at the
proportionality limit showed that fiberglass glued to the convex side had the greatest
effect. For the force at the yield point, the opposite trend was found, i.e., larger values
were achieved using carbon fibers glued to the convex side.

3. In the case of the laminated wood with beech and non-wood components, an opposite
trend was found with regards to the effect of the adhesive compared with the aspen
specimens. The PVAc glue was shown to be the most effective adhesive for the
monitored characteristics. As for the effect of the non-wood component, an opposite
trend compared with that of the laminated aspen specimens was also seen. For the force
at the proportionality limit, modification with carbon fibers was shown to be the best,
and for the force at the yield point, modification with fiberglass was the best.

4. As was expected, the material thickness proved to be a significant factor that affected
the forces at the proportionality limit and yield point for all of the materials.
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Table 20. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpengc) for aspen and NWC on top.

(1) (2) (6] (&) (5) (6) @) ®) (O] a an a2

No. TypeofSample o014 0024 0012 0039 0034 0013 0031 0024 0015 0043 002 0016
1. ACAUPURSG

2. A-CA-U-PUR-0  0.000

3. ACAUPURIS 0198 0000

4 ACA-U-PVAc-6 0000 0000 0000

5 A-CA-UPVACI0 0000 0000 0000 0002

6. A-CA-U-PVAc18 0886 0000 0221 0000 0.000

7. ALAUPUR6 0000 0000 0000 0000 0075 0.000

8. A-LA-U-PUR-1I0 0000 0935 0000 0000 0000 0.000 0.000

9. A-LA-U-PURIS 0603 0000 0086 0000 0000 0535 0000 0.000

10.  A-LA-U-PVAc6 0000 0000 0000 0011 0000 0000 0000 0000 0.000

1. A-LA-U-PVAG10 0000 0242 0000 0000 0000 0000 0000 0240 0.000 0.000

12 A-LA-U-PVAc1S 0264 0000 0022 0000 0000 0228 0000 0000 0502 0000 0.000

Table 21. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpengc) for beech and NWC on the bottom.

1 (b2} 3 @ (5) 6) @) ®) ) 10 an (12

No.  TypeofSample 50y 0025 0015 0042 0030 0021 0046 0024 0026 0035 0034 0033
1. B-CA-D-PUR%6

2. BCAD-PURI0  0.000

3. B-CAD-PUR-I8 0000 0000

4 BCAD-PVAc-6 0000 0.000 0000

5 B-CA-D-PVAc-10 0029 0032 0000 0000

6. B-CA-D-PVAc-18 0000 0.042 0009 0000 0.000

7. BLAD-PUR6 0000 0000 0000 0107 0000 0.000

8. B-LA-D-PUR-10 0000 0655 0000 0000 0012 0.089 0000

9. B-LA-D-PUR-IS 0000 0702 0000 0000 0061 0020 0000 0438

10.  B-LA-D-PVAc6 0861 0000 0000 0000 0025 0.000 0000 0000 0.000

1. BLA-D-PVAGI0 0910 0000 0000 0000 0027 0.000 0000 0000 0.000 0941

12 B-LA-D-PVAc1S8 0592 0000 0000 0000 0078 0000 0000 0000 0001 0516 0.54

Table 22. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpengc) for beech and NWC on top.

) (2 ®) @ (5) 6) @) ®) (&) a0 an 12

No. TypeofSample )i 0026 0011 0037 0031 0014 0044 0025 0008 0033 0032 0.013
1. B-CA-U-PUR-6

2. B-CA-UPUR10 0174

3. B-CA-U-PURIS 0000 0.000

4 B-CA‘UPVAc-6  0.000 0.000 0000

5 B-CA-U-PVAc-10 0000 0006 0000 0.001

6. B-CA-U-PVAc-18 0000 0000 0062 0000 0.000

7. B-LA-U-PUR-6 0000 0000 0000 0000 0000 0.000

8. B-LA-UPUR10 0689 0296 0000 0000 0000 0.000 0.000

9. B-LA-UPUR-IS 0000 0000 0060 0000 0000 0.000 0000 0.000

10.  B-LA-UPVAc6 0000 0000 0000 0017 0304 0000 0000 0.000 0.000

1. B-LA-UPVAc10 0000 0001 0000 0005 0581 0000 0000 0000 0000 0.585

12, B-LA-U-PVAG1$ 0000 0000 0313 0000 0000 0333 0000 0000 0006 0000 0.000
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Table 20. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpendc) for aspen and NWC on top.

(1) 2) 3) @) (5) 6) 7) 8 (C)] (10) (11) (12)
No.  TypeofSample 014 0024 0012 0039 0034 0013 0031 0024 0015 0043 0022 0.016
1.  A-CA-U-PUR6
2. A-CA-U-PUR-10  0.000
3. A-CAUPURIS 0198 0000
4. A-CA-U-PVAc-6 0000 0000 0.000
5 A-CA-U-PVAc-10 0000 0.000 0.000 0.002
6. A-CA-UPVAc18 088 0000 0221 0000 0.000
7. A-LA-UPUR-6 0000 0000 0.000 0000 0075 0.000
8.  A-LA-UPUR10 0000 0935 0000 0000 0000 0.000 0.000
9.  ALA-U-PURI8 0603 0000 0086 0000 0000 0535 0000 0.000
10.  A-LA-U-PVAc-6 0000 0000 0000 0011 0000 0.000 0000 0.000 0.000
1. A-LA-U-PVAc-10 0000 0242 0000 0000 0000 0.000 0000 0240 0.000 0.000
12 A-LA-U-PVAc-18 0264 0000 0022 0000 0000 0228 0000 0.000 0502 0.000 0.000

Table 21. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpendc) for beech and NWC on the bottom.

(1) ) 3) 4) 5) ) (7) ()] 9 (10) (11) 12)
No.  TypeofSample 031 0025 0015 0042 0030 0021 0046 0024 0026 0035 0034 0.033
1. B-CA-D-PUR-6
2. B-CA-D-PUR-10  0.000
3. B-CA-D-PURIS  0.000 0.000
4. B-CA-D-PVAc-6  0.000 0.000 0.000
5.  B-CA-D-PVAc10 0029 0032 0000 0.000
6. B-CA-D-PVAc-18 0000 0042 0009 0.000 0.000
7. B-LA-D-PUR-6 0000 0000 0.000 0107 0.000 0.000
8.  BLADPURI0 0000 0655 0000 0000 0012 0089 0.000
9.  B-LA-D-PURIS 0000 0702 0000 0000 0061 0020 0000 0438
10.  B-LA-D-PVAc-6 0861 0000 0000 0000 0025 0.000 0000 0.000 0.000
11, B-LA-D-PVAG10 0910 0000 0000 0000 0027 0000 0000 0.000 0.000 0941
12, B-LA-D-PVAGIS 0592 0000 0000 0000 0078 0000 0000 0000 0001 0516 0544

Table 22. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpendc) for beech and NWC on top.

M @@ 6 @ 6 ® D ©® 9 @ an (12
No. TypeofSample )4 0026 0011 0037 0031 0014 0044 0025 0.008 0033 0032 0013
1. B-CA-U-PUR-6
2. BCA-UPUR10  0.174
3. B-CA-UPUR18 0000 0000
4. B-CA-U-PVAc-6 0000 0000 0.000
5. B-CA-U-PVAc-10 0000 0006 0.000 0.001
6. B-CA-U-PVAc-18 0000 0000 0.062 0.000 0.000
7. B-LA-U-PUR6 0000 0000 0.000 0000 0000 0.000
8.  BLA-UPURI0 0689 0296 0000 0000 0000 0.000 0.000
9. B-LA-UPUR-1S 0000 0000 0060 0000 0000 0.000 0.000 0.000
10.  BLA-U-PVAc-6 0000 0000 0000 0017 0304 0.000 0.000 0.000 0.000
11.  B-LA-U-PVAc-10  0.000 0001 0.000 0005 0581 0.000 0000 0.000 0000 0585
12, BLA-U-PVAG1S 0000 0000 0313 0000 0000 0333 0000 0000 0006 0000 0.000
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Table 23. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpengp) for aspen and NWC on the bottom.

(1) 2) 3) 4) (5) ) (7) ()] [C)] (10) (11) 12)
No.  TypeofSample 019 0014 0013 002 0024 0014 0024 0021 0019 0027 0018 0.014
1.  A-CA-D-PUR6
2. A-CA-D-PUR-10  0.004
3. A-CADPURIS 0003 0936
4. A-CA-D-PVAc-6 0000 0000 0.000
5 A-CA-D-PVAG10 0004 0000 0000 0.124
6. A-CA-D-PVAc-18 0003 0996 0937 0000 0.000
7. A-LA-D-PUR-6 0005 0000 0.000 0.105 0859 0.000
8.  A-LADPURI0 0112 0000 0000 0005 0153 0000 0.181
9.  ALADPURIS 0918 0005 0004 0000 0003 0004 0005 0.110
10.  A-LA-D-PVAc-6 0000 0000 0000 0808 0093 0000 0074 0.003 0.000
11.  A-LA-D-PVAc-10 0503 0021 0020 0000 0001 0018 0001 0034 0540 0.000
12 A-LA-DPVAc-18 0005 0844 0795 0000 0000 0.837 0000 0.000 0.006 0000 0.022

Table 24. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpengp) for aspen and NWC on top.

(1) ) 3) 4) 5) ) (7) ()] [C)] (10) (11) 12)
No.  TypeofSample  01» 0015 0007 002 0023 0008 0021 0015 0010 0028 0015 0.011
1. A-CA-U-PUR6
2. A-CA-U-PUR-10  0.002
3. A-CA-UPURIS 0000 0.000
4. ACA-U-PVAc-6 0000 0000 0.000
5. A-CA-U-PVAc-10 0000 0000 0000 0.005
6. ACA-UPVAc-18 0004 0000 0393 0000 0.000
7. A-LA-U-PUR6 0000 0000 0.000 0000 0153 0.000
8.  A-LA-UPURI0 0003 0820 0000 0000 0000 0.000 0.000
9. ALA-UPURIS 0071 0000 0056 0000 0000 0242 0000 0.000
10.  A-LA-U-PVAc6 0000 0000 0000 0024 0000 0.000 0.000 0.000 0.000
11, A-LA-U-PVAc-10 0002 0997 0000 0000 0000 0.000 0000 0810 0.000 0.000
12, A-LA-U-PVAc-18 0480 0000 0003 0000 0000 0024 0000 0000 0226 0000 0.000

Table 25. Comparison of the effects of individual factors using Duncan’s test on the coefficient of
bendability (Kpengp) for beech and NWC on the bottom.

m @ 6 @ 6 ® O ® © a0 a1 @
No. TypeofSample )2 0015 0015 0028 0021 0014 0030 0015 0016 0023 0024 0.022
1.  B-CA-D-PUR®6
2. B-CA-D-PUR10  0.000
3.  B-CA-D-PUR18 0000 0973
4. BCA-D-PVAc-6  0.000 0000 0.000
5 B-CA-D-PVAc-10 0455 0000 0.000 0.000
6. B-CA-D-PVAc18 0000 0428 0416 0.000 0.000
7. BLA-D-PUR-6 0000 0000 0000 0179 0000 0.000
8.  B-LA-D-PURI0 0000 0977 0954 0000 0000 0431 0.000
9.  B-LADPURI8 0000 0524 0521 0000 0000 0.78 0000 0514
10.  B-LA-D-PVAc6 0863 0000 0000 0001 0382 0000 0000 0.000 0.000
11.  B-LA-D-PVAG10 0291 0000 0000 0007 0087 0000 0000 0.000 0.000 0340
12.  B-LA-D-PVAc-18 0473 0000 0000 0000 0935 0000 0000 0000 0000 0405 0.094

209



210



211



212



213



Properties of wood-based composites manufactured of
densified beech wood in viscoelastic and plastic region
force - deflection diagram (FDD)

Adam Sikora®, Milan Gaff ' David Hui®, Hai Fang*

“Department of Wood Processing and Biomaterials, Czech University of Life Sciences in
Prague, Kamycka 1176, Prague 6 - Suchdol, 16521 C=zech Republic
Deptartment of Mechanical Engineering, University of New Orleans, New Orleans, LA 70124, USA
‘College of Civil Engineering, Nanjing Tech University, Nanjing 211816, China

* Corresponding author: gaffimil an(@gmail.com

ABSTRACT

There is still little or no knowledge about the properties of layered wood-based
composites and non-wood components in the viscoelastic and plastic region of the force -
deflection diagram (FDD). The properties of composites in this area are influenced by a
number of factors such as the composition of the layered composite, the method of
modification of the individual layers, the type of adhesive used, etc. This paper focuses on
the analysis of the effect of the thickness of individual layers (5 mm, 9 mm) of beech wood
(Fagus sylvatica L), modification of these layers with different degrees of densification
(10%, 20%, 30%, 40%) and the type of non-wood component (carbon and high-strength
glass fibers) used to reinforce the layered composite on the properties of materials in the
plastic region of the force - deflection diagram (FDD). The paper describes the impact of
selected factors and those interactions behavior of the tangent modulus in the whole force
— deflection diagram.

Keywords: layered composite material, tangent modulus, chord modulus, wood bending, bending

INTRODUCTION

Knowledge of the properties of homogeneous as well as composite materials in the
plastic region is of considerable practical importance [1]. If a material engineer has the
relevantinformation about the moisture content of these materials and the factors that affect
them, it is possible to model new composite structures in such a way that we modify the
properties of individual composite layers and place them in a layered composition, thereby
increasing the strength and durability of the composite material [2].

Recently, terms such as intelligent biological materials, optimized materials, etc. are
being used [3]. These terms are often associated with the application of nanomaterials,
which can be considered incomplete and insufficient fulfillment of the task of the so-called
optimized material. Optimized material must be understood as a material that is able to
properly match its properties in ideal synergy with the appropriate application, while these
properties can be modified in various ways in the composite (appropriate type of adhesive,
dynamically, statically stressed structures), appropriate placement and alignment of

! Corresponding author: e-mail: gaffmilan@gmail.com, fax: +420 22438 3737
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ABSTRACT

There is still little or no knowledge about the properties of layered wood-based
composites and non-wood components in the viscoelastic and plastic region of the force -
deflection diagram (FDD). The properties of composites in this area are influenced by a
number of factors such as the composition of the layered composite, the method of
modification of the individual layers, the type of adhesive used, etc. This paper focuses on
the analysis of the effect of the thickness of individual layers (5 mm, 9 mm) of beech wood
(Fagus sylvatica L), modification of these layers with different degrees of densification
(10%, 20%, 30%, 40%) and the type of non-wood component (carbon and high-strength
glass fibers) used to reinforce the layered composite on the properties of materials in the
plastic region of the force - deflection diagram (FDD). The paper describes the impact of
selected factors and those interactions behavior of the tangent modulus in the whole force
— deflection diagram.

Keywords: layered composite material, tangent modulus, chord modulus, wood bending, bending

INTRODUCTION

Wood is one of the most preferred building materials by architects and engineers
due to its high specific strength, renewability, carbon locking ability and ease of processing
with minimal energy. Besides, the properties of wood can also be engineered to meet
specific requirement by various technological inventions such as densification,
modification (chemical and thermal) as well as by composites. Creation of a wood-based
composite with specific properties for a given purpose of use is currently one of the most
progressive areas of research. As the name suggest, wood composite refers to a material
composed of two or more components with wood as the major component. The individual
components are connected by a binder. In order to develop a composite with improved
material properties, it is essential to know the properties of each component [1]. With the

! Corresponding author: e-mail: gaffmilan@gmail.com, fax: +420 22438 3737
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information on the properties of each component and the ways to improve the properties,
it 1s possible to control the properties of the composite for any given end application [2].
As wood is a biological material with anisotropic properties (different properties in
orthogonal directions), it is necessary to minimize the anisotropy and improve its properties
so that the composite can have desired properties for any given end application.
Knowledge of the properties of homogeneous as well as composite materials in the
plastic region is of considerable practical importance [3]. Availability of relevant
information on the material properties and the factors that affect them can help to model
new composite structures with desirable properties [4]. Recently, there has been greater
emphasis on the use of optimized materials [5]. Optimized material refers to materials
having appropriate properties in ideal synergy with the end application. The properties of
the optimized materials can be modified in various ways in the composite by using
appropriate adhesive, appropriate alignment and placement of individual layers, suitable
non-biological components and nanomaterials [6]. If such conditions are met, then a layer
of a suitably selected wood with specific properties for the given purpose of use can also
be considered as an optimized material. On the contrary, an unsuitable way of applying an
expensive and sophisticated composite material results in its poor performance [7].
Layered wood-based composite materials can be categorized into five basic groups:
1. Parallel layers:

e bonded layered wood
e layered veneer

2. Cross-layers:

e plywood materials

e veneered boards with oriented strands
3. Reinforced wood
4. Sandwich panels

5. Mechanically bonded laminates [3]

The name of these groups indicates the type of wood components used, the
orientation of fibers in individual layers and reinforcement. As these layered composites
have different properties, it shows how the material type, orientation and reinforcement are
important parameters in controlling the final properties of the composite [8; 9; 10]. The
present study focuses on a composite material layered in parallel.

Layered composites are characterized by a wide range of uses. Wood in its natural
form is characterized by the occurrence of structural deviations (defects), which increase
its heterogeneity and reduce its load-bearing capacity when used as beams. [11; 12]. By
cutting the beam into thin layers (lamellas) and then gluing them together with a random
arrangement of defects, a beam with higher strength can be achieved, but not necessarily
with increased stiffness. By arranging the lamellas so that lamellas with a higher number
of defects are in the central part of the beam, its mechanical properties can be increased. A
way to improve the properties of the laminated beam even more significantly is the
elimination of all defects, or the densification of individual lamellas and subsequent
layering of the bonded lamellas. The highest improvement can be achieved by combining
laminated wood with an element with increased strength and stiffness [3; 13; 14].
Properties of wood-based composites are less heterogenous as compared to solid wood
(Fig. 1). Strength distribution in glued laminated wood is therefore narrower and higher
than its distribution in solid wood. The value of the fifth percentile, which is used to design
wooden structures, is shifted to the right, as is the average strength value [15].
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sample fails [22]. As tangent modulus can be calculated at any specified stress or strain,
and its value keeps changing in the plastic zone, it can serve as an ideal tool to compare the
properties and behavior of different laminates in plastic zone.

Material and Method

Material

The experiment was carried out using radial beech wood (Fagus silvatica L.)
lamellas. The lamellas were produced in two thickness of 5 and 9 mm, and the constant
width of the lamellas was 35 mm. The length of the individual lamellas was determined so
that it was possible to test the test specimens at 20 times the span of the lower supports of
the test device (140, 220, 240 and 400 mm). Another material in the tested layered material
was a reinforcing component in the form of high-strength fiber fabrics. Two types of fabrics
were used, the first based on high-strength SikaWrap 150C/30 carbon fibers (SIKA CZ),
and the second based on type E glass fibers (KITTFORT). All components in the composite
were glued together using single-component PVAc adhesive (AG-COLL 8761/L D3). The
adhesive was applied unilaterally manually with a spread in the range of 150-180 g/m?.

Methods

Lamella densification

The individual input lamellas were densified by a standard thermo-mechanical
method in double-sided heated press TOS Rakovnik at a temperature of 140 °C (£ 5 °C).
The densification was performed in four stages (10, 20, 30 and 40%) with respect to the
original thickness of the lamellas. An overview of the basic pressing parameters can be
seen in Table 1. The densification resulted in a change in moisture content and density;
these parameters were determined according to the relevant standards [23; 24].

Table. 1. Technical parameters of the pressing process

Pressure (MPa) Time (min.)
5 mm lamellas (10%) 30.2 5
9 mm lamellas (10%) 37.7 9
5 mm lamellas (20%) 31.5 6
9 mm lamellas (20%) 39.3 10
5 mm lamellas (30%) 34.2 7
9 mm lamellas (30%) 42.7 11
5 mm lamellas (40%) 36.3 8
9 mm lamellas (40%) 43.4 12

Creation of test sets

After the modification of the lamellas, layered materials were produced using other
components listed in the materials section above. The tested sets can be classified as single-
layer (default), two-layer without a non-wood component, two-layer with a non-wood
component and three-layer with a non-wood component. A total of 60 test sets were
created. Each test set consisted of 30 test specimens. A basic diagram of test sets with
identification of individual materials in the composite can be seen in Figure 2.
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where Fpis the force at the elastic limit (N), Fg is the force at the proportionality
limit (N), yr is the deflection at the modulus of rupture (mm), and yg is the proportionality
limit (mm), yawis the deflection expressed as the average value between yz and yp (mm), /o
is the span of the support during bending (mm), » (width) and /4 (thickness) are the cross-
sectional dimensions of the test specimen (mm).

The standard for testing moduli of elasticity requires the fulfilment of the condition
lo=20.h. Then we can introduce the constant K:

13 ®
B 4bh3

If the above-mentioned condition is not strictly fulfilled, it can be a source of
substantial errors.

Statistical analysis

To evaluate the results, a four-factor analysis of variance of the effect of individual
factors on the characteristics was used. Based on the P-level value, it was determined
whether a factor affected the values of monitored characteristics. Diagrams were
constructed for the 95% confidence interval, and the results were verified with Duncan’s
tests and also Spearman's rank-order correlation was carried out.

RESULTS AND DISCUSSION

Table 2 shows the average values of the chord modulus (CHwy) and tangent moduli
at point of elasticity (Eg), at the middle point (Emv) and at the point of modulus of rupture
(Ep) as well as the corresponding coefficient of variation for all test groups. At the table
are also evident changes in density caused by densification. In terms of the percentage
change of the Chord modulus, we can see that the highest percentage change is recorded in
modification by densification, and we can say that there was a higher increase in values in
5 mm lamellas. From the perspective of layering and densification, we can see that the
largest increase in values is recorded in layered composites with lamellas densified by 20%.
The trend observed when high-strength fibers are applied is not one-sided. In terms of
percentage changes of Eg in single-layer and two-layer unreinforced materials, there is a
similar trend as in the Cam. An interesting trend of changes in values with respect to the
thickness of the lamellas can be seen in reinforced two-layer materials; greater changes can
be seen in the application of carbon fibers in 5 mm materials, with an opposite trend in 9
mm materials. Looking at the three-layer materials, this trend is ambiguous with
densification; above 20%, the trend of changes reversed in the opposite direction. The
percentage changes in the tangent modulus Env shown largely copy the trend of changes
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Single-layer

Two-layer without

Two-ayer with NWC

in the case of the Chord modulus. When the greatest changes were caused by densification
of individual layers, in terms of layering using densified lamellas, in the application of
lamellas densified by 30 and 40% a decline in the change was recorded again. Looking at
the changes in tangent modulus at the modulus of rupture "Ep", it is possible to see a
significant change in the monitored values caused by the densification of individual
lamellas; as in previous cases, this change was affected by the input thickness of the
lamellas. From the perspective of layering itself, we can observe an increase in values up
to the application of lamellas densified by 20%, with a subsequent decrease in glued
materials composed of lamellas with 30 and 40% densification. According coefficients of
correlations made between density of the lamellas and monitored characteristics of
plasticity, is clear that the correlation is mostly mean. Correlations made between degree
of the lamellas and monitored characteristics of plasticity, is mostly small and between
non-wood components of the lamellas and monitored characteristics of plasticity, is mostly
small or trivial.

Table 2. Mean values of CHwm, Eg, Emv and Ep and for the individual sets of test
specimens and the coefficient of variation for Beech wood

i iag s i
Code CHwMPa) |“r”| EcMPa) [“rn”| Ew MPa) | “r| E- MPa) |“r” ?:;I:‘})’ No.

“ru” “rn” “r” “ru”
6314 (14.9) 10761 (10.6) 6193 (15.6) 5116 (2.5) 687.90 (5.3) | 30
10461 (12.7) 15651 (10.0) 10340 (12.9) 9960 (3.1) 789.59 (3.7) | 30
10209 (10.1) 14871 (8.9) 10103 (10.1) 9747 (5.3) 828.98 (3.7) | 30
9659 (13.4) 14000 (15.2) 9544 (13.6) 8262 (9.8) 914.20 (7.1) | 30
10198 (11.4) | **+ [ 15891 (11.2) | **+ [10042 (11.4) | **+ [ 9263 (6:6) | *** [ 995.95 (5.8) | 30
6747 (18.8) | *** | 10286 (14.6) | *** | 6656 (18.8) | *** [ 5356 (10.1) | *** | 699.50 (6.7) | 30
3294 (16.3) 11325 (17.9) 8125 (20.5) 7801 (3.7) 730.84 (4.1) | 30
9038 (11.0) 12595 (9.6) 8986 (11.2) 7824 (7.2) 817.99 (3.7) | 30
8529 (17.9) 12068 (15.2) 8395 (18.7) 7340 (12.2) 902.29 (4.5) | 30
9124 (17.0) 13301 (15.5) 8962 (19.5) 7129 (5.7) 1007.63 (4.2) | 30
6823 (22.5) 11067 (11.7) 6731 (22.8) 5171 (7.5) 698.77 (5.4) | 30
8394 (8.2) 13154 (9.1) 8274 (8.4) 7152 (7.5) 783.35 (2.6) | 30
9152 (18.3) 13675 (9.9) 3990 (19.0) 7181(71) 842.05 (4.1) | 30
5.BK30-BK30 7451 (15.7) 12390 (10.8) 7347 (16.5) 6066 (4.6) 890.74 (5.2) | 30
A 5-BKa0-BK40 6960 (18.5) | ** [ 11719(17.2) | *** [ 6723 (20.9) | *+ [5382(10.9)| * [912.65(11.8) | 30
9-BK-BK 6909 (12.3) | * [ 10260(16.1) | ** [ 6808 (12.2) | * [6202(7.0) | * [ 70557 (3.6) | 30
9-BK10-BK10 7594 (18.6) 10123 (14.7) 7477 (19.7) 6535 (5.4) 741.68 (3.3) | 30
9-BK20-BK20 8632 (13.2) 11538 (14.4) 8473 (13.2) 7082 (5.9) 836.01 (4.0) | 30
9-BK30-BK30 7548 (16.4) 11075 (10.6) 7417 (17.4) 6482 (5.3) 870.08 (4.2) | 30
7829 (18.1 11969 (10.8 7697 (18.6 6282 (13.1 978.55 (3.7) | 30
5-BK-CA 5517 (17.6) 11434 (18.2) 5283 (18.2) 4471 (18.4) 712.33 (4.7) | 30
5.BK-LA 5527 (18.7) 10424 (11.7) 5338 (19.4) 4372 (11.5) 757.52 (5.2) | 30
5.BK10-CA 6815 (18.3) 11349 (13.7) 6673 (19.0) 5110 (8.5) 763.99 (5.5) | 30
5.BK10-LA 6051 (11.3) 11096 (12.5) 5905 (12.1) 4399 (9.7) 786.06 (3.3) | 30
5.BK20-CA 7403 (17.8) 12402 (14.9) 7278 (18.1) 6373 (7.7) 863.56 (5.4) | 30
5.BK20-LA 6235 (16.8) 11471 (14.1) 6034 (18.3) 5626 (7.4) 833.06 (5.2) | 30
5.BK30-CA 6071 (10.3) | ** | 15986 (11.6) | *** | 5517 (13.2) | * [4596(19.3)| *+ [ 901.36(7.8) | 30
5.BK30-LA 6712(16.3) | ** [ 12208 (14.8) | *** [ 6498 (16.9) | * [515398) | ** [ 989.08 (4.0) | 30
5.BKA0-CA 6934 (14.2) | ** [17671(11.3) | *** [ 6401 (17.4) | * [5586(9.7) | ** [1107.10 4.9) | 30
5.BK40-LA 6383 (18.9) 12006 (19.1) 6208 (20.0) 5589 (9.2) 1102.85 (4.4) | 30
9-BK-CA 5900 (19.3) 10545 (17.8) 5306 (19.3) 4218 (18.4) 705.31 (5.0) | 30
9-BK-LA 6060 (19.5) 10693 (19.6) 5909 (20.0) 4713 (91) 745.78 (4.2) | 30
9-BK10-CA 5988 (17.6) 11176 (14.3) 6939 (17.2) 5516 (8.4) 734.97 (5.5) | 30
9-BK10-LA 6762 (14.3) 11839 (15.0) 6599 (14.3) 5717 (8.8) 800.38 (4.9) | 30
9-BK20-CA 6950 (12.3) 11616 (15.9) 6832 (12.3) 5878 (10.0) 816.33 (5.3) | 30
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Three-layer with non-wood component

9-BK20-LA 7333 (16.5) 13461 (11.9) 7071 (17.6) 5847 (5.9) 884.08 (3.4) | 30
9-BK30-CA 6772 (14.2) 14675 (12.2) 6366 (16.1) 4917 (8.2) 931.14 (4.6) | 30
9-BK30-LA 5138 (16.7) 8771 (14.7) 4987 (17.9) 3122 (15.3) 935.67 (4.1) | 30

6714 (12.2) 14812 (11.8) 6244 (14.0) 5088 (7.4) 1032.16 (2.4) | 30

6001 (21.2 9918 (16.8 5827 (23.3 4407 (7.5 1060.78 (3.1) | 30
5-BK-BK-CA 6294 (21.1) 10510 (13.0) 6198 (21.5) 5016 (7.5) 701.95 (5.3) | 30
5-BK-BK-LA 5746 (19.2) 9717 (14.9) 5654 (19.6) 4010 (10.7) 705.44 (5.8) | 30
9-BK-BK-CA 7001 (26.6) 10976 (18.2) 6921 (27.9) 5393 (6.5) 688.55 (5.6) | 30
9-BK-BK-LA 7101 (18.4) 11914 (10.9) 6980 (18.9) 5371 (21.1) 716.69 (5.9) | 30
5-BK10-BK10-CA ||| 8274 (20.2) 12592 (16.2) 8172 (21.2) 7279 (4.9) 762.53 (5.9) | 30
5-BK10-BK10-LA_|I| 7351 (12.5) 13263 (9.7) 7202 (13.0) 7178 (5.8) 777.30 (4.4) | 30
9-BK10-BK10-CA [ 6625 (11.3) 15342 (9.8) 6246 (13.2) 5118 (8.1) 724.13 (6.1) | 30
9-BK10-BK10-LA | 6886 (17.1) 12203 (208) | , ,, [6721(18.0) 5110 (7.8) 784.28 (4.0) | 30
5-BK20-BK20-CA || 8734 (17.9) | *** [ 18552 (128) | ,,. | 8259(18.9) | **+ [ 7202 (5.7) | *** [ 848.82(5.2) | 30
5-BK20-BK20-LA_ ||| 6178 (18.9) | ** [ 11358 (22.3) | ,, | 6047 (18.9) | ** [ 5313(65) | *** [ 829.66 (9.7) | 30
9-BK20-BK20-CA ||| 5821 (17.7) | * [10171(14.7) 5704 (17.4) | * [4091(10.0) | ** [ 812.26 (5.0) | 30
9-BK20-BK20-LA | 5900 (18.2) 9411 (20.9) 5800 (18.3) 4020 (8.1) 865.88 (3.1) | 30
5-BK30-BK30-CA | 5475 (16.8) 11233 (14.7) 5208 (17.7) 4522 (6.4) 899.00 (4.8) | 30
5-BK30-BK30-LA_ |l 7047 (15.2) 10898 (10.8) 6921 (15.7) 5209 (6.7) 062.47 (3.8) | 30
9-BK30-BK30-CA | 6626 (18.6) 10785 (22.1) 6496 (18.1) 5531 (9.6) 890.04 (2.5) | 30
9-BK30-BK30-LA | 7438 (14.5) 13144 (12.2) 7237 (14.7) 6618 (3.8) 905.16 (3.2) | 30
5-BK40-BKA0-CA || 7482 (12.1) 13583 (9.6) 7246 (13.3) 6496 (4.6) 1100.39 (5.0) | 30

7006 (12.4) 11431 (9.3) 6823 (12.1) 5499 (5.6) 1058.44 (3.6) | 30

7061 (14.5) 12572 (16.3) 6794 (15.6) 5492 (4.7) 906.92 (2.4) | 30

5946 (17.7 9355 (13.5 5773 (19.3 4801 (23.5 931.60 (3.2) | 30

Values in parentheses are coefficients of variation (CV) in %, CHys- Chord modulus, Ex - Tangent modulus
at the point of elasticity, Exy - Tangent modulus at the middle point, Ep - Tangent modulus at MOR point,
“r’” Correlation between monitored characteristics and density of lamellas, “ry” Correlation between
monitored characteristics and degree of densification, “ru;” Correlation between monitored c haracteristics
and non-wood components of the lamellas.

Interpretation of the correlation coefficient:

* 0,0-0,1 - trivial correlation

*% 0,1-0,3 - small correlation

ki 0,3-0,5 - mean correlation

*kk* 0 5-0,7 - great correlation

*kkAk - 0,7-0,9 —very large correlation

*kkAAk 0 9-1,0 — almost perfect correlation

Effect of densification on tangent moduli

Figures 6a and 6b show the effect of densification of 5 mm beech lamellas on the
values of the monitored characteristics describing the plastic properties of the material.
Fig. 6a shows the average values of the monitored measured characteristics, and Fig. 6b
shows the percentage change in the values of the monitored characteristics with respect to
the untreated reference lamellas. The data provided in Fig. 6a show a positive effect of the
densification of individual layers, which was manifested by an increase in all monitored
characteristics (CHwm, Eg, Emv and Ep). The data in Fig. 6b show that the highest increase
was achieved by the effect of densification in the tangent moduli at the modulus of rupture
Ep. In this case, 10% densification resulted in an increase of up to 95% in EP values. If we
compare the monitored values of input materials with other wood-based composite
materials, e.g., with OSB boards mentioned in article [26], we can see significantly lower
tangent modulus values in OSB boards; however, the data in the article confirm the
development trend of tangent modulus values.
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Densification of 1st

layer 0,000 1,000 - - - - -
Densification of

2nd layer 0,000 1,000 1,000 - - - -
CHwm (MPa) -0,021 0,041 0,041 1,000 - - -
Ewv (MPa) -0,019 0,030 0,030 0,995 1,000 - -
Ee (MPa) -0,391 0,191 0,191 0,604 0,582 1,000 -
Er (MPa) -0,150 0,193 0,193 0,843 0,826 0,682 1,000

Table 5 shows the results of the correlation analysis for two-layer materials
reinforced with high-strength fibers where, as in the previous analysis, dependence on the
thickness of materials was only shown for the characteristics Eg and Ep. For material
densification, a significant dependence on the characteristics CHwm, Eg and Ep was
demonstrated. In terms of high-strength fibers, dependence was proven for all monitored
characteristics.

Table 5. Spearman's rank correlation coefficient of bending characteristics for
two-layer material with non-wood components

< Thickness Densification - Emv Er

Thickness (mm) 1,000 - -
Densification of 1st

layer -0,002 1,000 - - - - -
Reinforcement -0,002 -0,002 1,000 - - = =
CHw (MPa) 0,037 0,132 -0,172 1,000 - - -
Ew (MPa) 0,055 0,057 -0,126 0,981 1,000 - -
E: (MPa) -0,124 0,344 -0,344 0,550 0,424 1,000 -
Er (MPa) 0,094 0,183 -0,187 0,866 0,822 0,608 | 1,000

Table 6 shows the results of the correlation analysis for the three-layer materials
tested. Itis clear from these results that there is a high dependence between thickness and
densification of all layers on all the characteristics CHwm, Emv, Eg, Ep. In terms of
reinforcing material, dependence was only shown between the characteristics Eg and Ep.
As with other materials, the interdependence between all characteristics was demonstrated.

Table 6. Spearman's rank correlation coefficient of bending characteristics for
three-layer material with non-wood components

Variables Thickness Densification | Densification Reinforcement Ep
mm of 1st layer of 2nd layer MPa

Thickness

(mm) 1,000 - = E
Densification of -0,002 1,000 _ _ _ _ _ _
1st layer
Densification of
2nd layer -0,002 1,000 1,000 - - = = 2
Reinforcement -0,002 -0,002 -0,002 1,000 = = - =
CHm (MPa) -0,135 0,258 0,258 -0,066 1,000 - - -
Ewv (MPa) -0,136 0,220 0,220 -0,043 0,993 1,000 - -
Ee (MPa) -0,221 0,398 0,398 -0,211 0,641 0,591 1,000 -
Ep (MPa) -0,095 0,309 0,309 -0,181 0,894 0,868 0,696 1,000
CONCLUSIONS

1. Densification of lamellas results in an increase in tangent moduli values. Among
the densification level, lamellas densified by 10% of their thickness showed the
best results. With increasing degrees of densification, especially with densification
by 30 and 40%, there was a slight decline in tangent moduli values in comparison
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with lamellas densified by 10%, despite the fact that densification led to an almost
linear increase in density. With the increase in lamella thickness, there is a marginal
increase in the tangent moduli values.

2. In terms of the interaction of densification and layering in two-layer materials,
highest values of tangent moduli were recorded for materials prepared with lamellas
densified by 20% in both 5 mm and 9 mm input lamellas. A higher degree of
densification (30 and 40%) in interaction with the layering caused a decrease in the
values of the tangent moduli.

3. With respect to the input thickness of individual lamellas, the obtained results
showed that with increasing input thickness of densified lamellas in the
composition of the laminated material, was recorded a smaller increase in values of
monitored characteristics, but we also recorded a smaller decrease in values in
layered densified lamellas by 30 and 40%.

4. The results of two-layer and three-layer materials composed of densified lamellas
reinforced with high-strength non-wood components did not show such a clear
trend in the development of the values of the observed characteristics as in the
previous cases. However, it can be stated that there is a strong dependence on the
change in values of the monitored characteristics when applying high-strength non-
wood components, and based on the results it can be said that a non-wood
component based on high-strength carbon fibers generally proves to be a more
suitable reinforcement material, while components based on glass fibers have better
results in a price/performance comparison.

5. The result of the work shows that despite the fact that significantly higher density
was achieved due to densification of lamellas by 30 and 40%, this fact did not
signify an increase in tangent moduli values with respect to lamellas with a smaller
degree of densification.
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ABSTRACT

This work deals with the analysis of the influence of the composition of laminated
materials based on solid and densified beech wood and the application of reinforcing
elements in the form of high-strength fibers. The paper analyzes the behavior on the elastic,
plastic and total bending work and their ratios. These characteristics are important in
determining the appropriate use of these materials in structural systems with respect to the
deformation energy in the elastic and plastic stress regions. From the material point of view,
factors such as the input thickness of beech lamellas (5 and 9 mm), the degree of
densification of lamellas (references, 10%, 20%, 30% and 40%) and the application of
high-strength fibers (carbon and glass) were observed and distinguished. Two approaches
can be used to determine plastic work in bending, namely by quantifying more accurate
total plastic work and approximated plastic work. However, the approximated plastic work
is reliable with an approximation error. One of the outputs of this work will be to determine
the error of approximation for different material composition of layered materials, which
will result in a modification of the calculations of the approximated work for materials with
a specific composition.

Keywords: bending work; bending energy; plastic work; elastic work; total work; degree
of densification; high-strength fibers; composition of material

INTRODUCTION

Wood has been used as a construction material for thousands of years. Due to the
unrivalled potential of wood, understanding its structure as a building material are of great
help to exploit more efficiently. Besides, the structural development of wood in the
industrial framework depends on in-depth knowledge of the mechanical properties of this
extraordinary natural material. Nonetheless, some of wood properties are not satisfactory.
Wood with unfavorable mechanical and structural properties can be modified by diverse
treatments included thermal, chemical and compressive (Kamke 2006).

There is a correlation between wood mechanical properties e.g. bending
characteristics and its density (Kamke 2006). Given the fact that increasing the density of
wood strengthens its mechanical properties, many endeavors have been carried out to
expand an appropriate technique for increasing wood density (Blomberg Person 2004).
Densification is one of the prevalent treatment methods through which makes it possible
for modifying wood into products of high quality with enhanced mechanical and physical
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properties (Kutnar and Sernek 2007). Principally, wood densification is a modification
method in which wood density, and subsequently its properties, are enhanced through
compression in transverse direction, saturation of lumens with a liquid, or a combination
of above methods (Kollmann et al.1975). Originally, densification was proposed to
enhance the mechanical resistance of wood through removing wood porosity (Pozgaj et al.
1997). Two primary methods have been defined for densification in the transverse
direction: densification of the whole bulk of wood and surface densification (Sandberg et
al. 2013). Alongside the beneficial impacts of densification, one disadvantage of total bulk
densification is the loss in volume. An efficacious solution is to laminate densified wood
with non-densified wood or other materials utilizing an adhesive (Kutnar et al. 2008,
Nilsson et al. 2011).

The development of wood-based laminate materials is considered as the most
immense scope in wood processing (Bal 2016). Laminated veneer lumber (LVL) is an
engineered wood-based composite material manufactured of veneer lamella with
configuration in the longitudinal direction (Wang and Dai 2005). Basically, the
composition of LVL pertains on the end-use of the produced material and, nevertheless,
the individual layers can be modified, unmodified and non-wooden components (Blomberg
and Persson 2007, Gaff et al. 2015). The properties of LVL are affected by wood
densification, the applied wood species and the thickness of layers (Glos and Denzler
2004). The benefits of non-wood components in the wood-based laminated veneer lumber
are mostly reinforcement of the composite material, enhance its resistance, and improve
the bending characteristics (Gaff et al. 2017, Babiak et al. 2018). Non-wood reinforcement
materials include carbon fiber, aramid fiber, and fiberglass, polyvinyl alcohol (PVA)
(Svitdk and Ruman 2017). In the manufacture of wood-based composites, the use of non-
wood components as well as the use of adhesive bonds increases the strength and stiffness
of the product wood (Bloomberg and Persson 2007; Corigliano et al. 2017).

Bendability, as an important feature in end-use wood composite products, has
received a lot of attention recently (Gaff e al. 2017a, Svoboda et al. 2019). The influence
of applying a non-wood component and interaction of different components of such a
material has not yet been extensively assessed (Svoboda et al. 2019). The densification of
individual layers results in enhancing the value of the stress-strain diagram, due to
increased mechanical properties of each densified layer (Gaff et al 2017). So, the bending
specifications can be characterized from the stress-strain diagram. In the force-deflection
diagram, the elastic deformation has been formed by force at the proportionality limit (Gaff
et al. 2016; Gaff et al. 2017a; Babiak et al. 2018). Over the proportionality limit, no elastic
deformation is present and plastic deformation occurs (Gaff ef al. 2017b; Gaff and Babiak
2018a, b; Sikora et al. 2018). Within the scope of proportionality limit, the energy that
induces the material deformation is potentially accumulated. In order for the object to
return to its original form, the energy released during this time is converted to work in
proportionality limit (Igaz 2015, Igaz 2016) which is called elastic work. The slope of the
stress-strain diagram at any defined stress or strain is considered as the tangent modulus in
which under the limit of proportionality is assumed as Young’s modulus and upper the
limit of proportionality there is different the tangent modulus (Schneider et al. 2005).
However, the bending work has been described as the area under the curve by taking a
linear gradient. Such the definition and calculation have an approximation error that can be
removed by applying an integral calculation. In the current study, by using a mathematical
equation created and developed by authors, the total bending work has been calculated
including approximation error. Previously, some studies have been performed to evaluate
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the bendability in the plastic region (Gaff et al. 2017a) and elastic region (Gaff et al.
2017b).

In the current study, the bending work of reinforced laminated composites has been
studied. The aim of this present study was to ascertain the effect of wood density (artificial
densification), reinforcement of wood with high strength and high stiff material (carbon
and glass fiber) and the combine effect of both measures on the bending work done. The
work done was segregated into elastic as well as plastic work and finally combined to
derive the total work.

Materials and Methods

Materials

The basic material in the test sets were European beech (Fagus sylvatica L.) milled
lamellas with a nominal width of 35 mm, thicknesses of 5 and 9 mm and lengths of 140,
220, 240 and 400 mm. The length of the lamellas was based on the final thickness of the
layered composite so that the distance of the lower supports during bending was 20 times
of thickness. Beech lamella were conditioned to a moisture content of 8 % (+ 1%) in climate
chamber with condition of relative humidity of 40% and temperature 20°C according ISO
13061-1. In addition to the reference lamellas, was used densified lamellas in four basic
degree of densification (10, 20 30 and 40%). Density of wood and its changes after
densification was determined according ISO 13061-2. The standard thermo-mechanical
method of densification in a heated hydraulic press at a temperature of 140 ° C (£ 5 ° C)
was used to densification of lamellae. The densification time was adequately adapted to
the thickness and degree of densification. Two types of components were used as
reinforcing high-strength fibers, the first based on high-strength carbon (CA) fibers
(SikaWrap 150C/30, SIKA CZ) and the second based on type E glass (LA) fibers
(KITTFORT). PVAc adhesive AG-COLL 8761/L D3 was used as an adhesive for
lamination of individual components into built-up compositions (Fig. 1). The adhesive was
applied on one side manually with a coating in the range from 150-180 g/m>.

The tested sets can in principle be divided into single-layer (default), two-layer
without reinforcement component, two-layer with reinforcement component and three-
layer with reinforcement component. A total of 60 test sets were produced, each consisting
of 30 test specimens.

5/9-BK Solld Beach Solld Beech 5/9-BK-CAILA
5/9-BK10 Densified Beech (10-40%) Densified Beech (10-40%) 5/9-BK10-CA/LA
5/9-BK20 N y 5/9-BK20-CAILA
5/9-BK30 % 5/9-BK30-CA/LA
5/9-BK40 h PVAc * : 5/9-BK40-CAILA
Glass, carbon fibres

Solid Beech Solid Beech

Densified Beech (10-40%) Densified Beech (10-40%)
5/9-BK-BK S : 5/9-BK-BK-CAILA
5/9-BK10-BK10 5/9-BK10-BK10-CA/LA
5/9-BK20-BK20 PVAc 5/9-BK20-BK20-CAILA
5/9-BK30-BK30 PVAc 5/9-BK30-BK30-CA/LA
5/9-BK40-BK40 /," Glass, carbon fibres 5/9-BK40-BK40-CALA

Solld Beach Solld Beach

Densified Beech (10-40%) Densified Beech (10-40%)

Coding of samples
5/8-BK;BK-CAILA
Thickness of lamellas 3rd layer
—2nd layer
1st layer

Fig. 1. Categorization of test samples
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Methods
Mechanical testing

For experimental mechanical testing in bending, the method of three-point bending
according to EN 310 was used in accordance of ISO 13061-3 and ISO 13061-4. The
principle of this test consists in loading the element with an insulated force in middle of
the length according to the diagram in Fig. 2. The testing itself took place on a universal
test device (FPZ 100, TIRA, Schalkau, Germany). The testing took place in the tangential
direction according to the course of the beech lamella fibers. Force and deflection data
were recorded using an ALMENO 2690-8 data logger (AhlbornGmbH, Braunschweig,
Germany).

Fig. 2. Principle of three-point bending test

Calculations

Plastic work for deflection can be calculated by the integration of the regression
equation of the plastic area trend of the force-deflection work diagram. Graphical display
of this approach can be seen in the picture 3a. This approach was first use in work (Gaff
and Babiak 2018b)

Fy)=ay?+by+c (D

When using the integration limits between deflection at the limit of proportionality
(ye) and deflection at the plastic limit (yp), the resulting equation will be in the form Eq. 2.

a b
Wrp = 5(}’3 - }’g) + 5(}’5 - }’é) +c(Yp — V) 2

When using this method of determining the total plastic work, it is first necessary
to determine the coefficients a, b and c.

An easier determination of the plastic work can be done by using a linear
approximation according to (Gaff and Babiak 2018b), where the force and deflection at
the limit of proportionality and the force and deflection at plastic limit are intersected by
a straight line (Fig. 3b) and can be calculated by equation 3.

Fp —Fg
2

Wyp = (Yp —¥5) (3)
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characteristics. Diagrams were constructed for the 95% confidence interval which reflects
the significance level of 0.05 (P < 0.05), and the results were verified with Duncan’s tests.

RESULTS AND DISCUSSION

The work done during static bending of wood is a measure of the mechanical energy
absorbed by the wood. When a material is subjected to a force, the material deforms and
stores potential energy, known as strain energy. The strain energy is equivalent to the work
consumed in deforming the material and corresponds to the area under the load deflection
curve. Hence, strain energy is quantified by the work done on the sample due to the
influence of loading. Since work is the product of force times the deflection, work to any
given point during static bending involves both load and deflection (Markwardt and
Wilson, 1935).

The area under the load deflection curve up to any given value of deflection (strain)
is the total mechanical energy per unit volume consumed by the material in deforming it to
that value. When the stresses are within the elastic range (proportional limit), the strain
energy is just the triangular area as the load-deflection curve is linear in this range. Energy
is reversible in this range. But if the material is loaded beyond the elastic range, plastic
deformation starts. Energy absorbed during plastic deformation always exceeds the energy
released, when the stresses are removed, as a part of the energy is dissipated as heat. Work
to proportional limit is termed as elastic work while work to failure is termed as total work.
Elastic work (area under curve up to proportional limit) indicates the modulus of resilience
while the total work (area up to fracture) is termed the modulus of toughness. Total work
in static bending is a measure of the toughness under bending stresses that cause complete
failure. Work to maximum load represents the capacity of the timber to absorb shocks that
causes stress beyond the proportional limit and are great enough to cause some permanent
deformation. Work to maximum load is closely related to height of drop in impact bending
as a measure of shock resistance. It is a measure of combined strength and toughness of a
material under bending stresses. The modulus of resilience is the quantity of energy
absorbed by a material without suffering damage, while, the modulus of toughness is the
energy needed to completely fracture the material. Although, the values of work do not
find direct application in design, nevertheless, these values are very much useful for
comparison of material’s ability to withstand a combination of high load and high
deflection (Markwardt and Wilson, 1935). While structures are designed to keep stresses
within the elastic limit, a material with higher modulus of toughness is suited more to
applications in which accidental overloading may occur (Pelleg 2012).

The results pertaining to the study has been presented in Table 1. It is apparent that
the work done increases as the material thickness also increases. Material density has a
significant effect on both elastic as well as plastic work, however, the relation was not
linear for the entire range of densifications tested. Reinforcement with synthetic fiber also
influenced both elastic and plastic work. In order to better understand the effect of each
treatment, the data were segregated and plotted separately.
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Table 1. Mean values of elastic, plastic work and total work and its ratio as well as density
of individual sets of test specimens.

W W, ?WTa,; R
2 Wi ot »Rp” =
Elast:rijwork Total plastic bending Ratio of plastic and '::(e"s"}’
(mJ) work (mJ) work (mJ) total bending work (kg/m)

950 (31.5) 2224 (29.8) 3174 (15.3) 0.69 (16.4) 687.90 (5.3)

1366 (15.2) 2095 (22.1) 3461 (17.1) 0.60 (8.7) 789.59 (3.7)

" 1422 (16.8) 1889 (24.0) 3311 (15.4) 0.57 (13.1) 828.98 (3.7)
% 862 (16.9) 1635 (23.5) 2520 (15.8) 0.62 (15.3) 914.20 (7.1)
- 833 (23.4) 1943 (26.7) 2776 (16.9) 0.69 (10.5) 995.95 (5.8)
B 2858 (33.4) 5027 (37.9) 7885 (30.1) 0.62 (17.4) 699.50 (6.7)
i% 4167 (27.8) 4860 (28.7) 9027 (22.6) 0.53 (18.3) 730.84 (4.1)
4000 (29.5) 4833 (28.7) 8833 (24.8) 0.54 (13.0) 817.99 (3.7)

3003 (34.7) 3572 (38.5) 6574 (25.6) 0.54 (22.1) 902.29 (4.5)
2561 (33.6) 3524 (44.7) 8280 (26.7) 0.56 (24.1) 1007.63 (4.2)

2358 (30.0) 6679 (33.8) 9037 (23.8) 0.72 (14.7) 698.77 (5.4)

5 5137 (13.1) 8550 (23.8) | 13687 (17.1) 0.57 (16.8) 783.35 (2.6)
2 5089 (18.9) 7341 (34.3) | 12431 (21.6) 0.49 (19.8) 842.05 (4.1)
§ 3717 (22.7) 7245 (26.6) | 10962 (16.5) 0.65 (14.7) 890.74 (5.2)
E 3665 (26.4) 6605 (32.9) | 10270 (20.9) 0.63 (18.4) 912.65 (11.8)
Ey 7076 (43.4) | 15219 (32.3) | 22295 (31.1) 0.68 (9.8) 705.57 (3.6)
S 14777 (29.5) | 15505 (39.8) | 30282 (31.4) 0.50 (15.7) 741.68 (3.3)
E 13646 (22.3) | 14811 (32.3) | 28457 (20.8) 0.51 (19.2) 836.01 (4.0)
9247 (20.0) | 13965 (34.6) | 23213 (19.7) 0.59 (18.4) 870.08 (4.2)

8248 (22.2 14114 (36.4) | 22362 (23.7 0.61(16.8 978.55 (3.7,

1222 (17.8) 3037 (27.9) 4117 (26.8) 0.70 (12.1) 712.33 (4.7)

1185 (30.2) 2812 (32.0) 3997 (17.1) 0.69 (16.4) 757.52 (5.2)

1684 (16.9) 2881 (22.3) 4564 (16.5) 0.63 (10.3) 763.99 (5.5)

1534 (25.3) 3355 (22.1) 4889 (13.7) 0.68 (12.6) 786.06 (3.3)

€ 1790 (17.7) 2881 (20.2) 4671 (14.0) 0.61 (10.3) 863.56 (5.4)
g 1877 (23.4) 3843 (27.1) 5720 (17.7) 0.66 (13.4) 833.06 (5.2)
® 1083 (32.1) 4844 (0.8) 5927 (22.9) 0.80 (11.5) 901.36 (7.8)
5 1248 (22.6) 2702 (22.3) 3950 (17.4) 0.68 (9.8) 989.08 (4.0)
E 1079 (26.7) 5293 (25.4) 6362 (20.9) 0.82(7.2) 1107.10 (4.9)
e 1023 (24.2) 2962 (33.0) 3985 (22.6) 0.73 (11.6) 1102.85 (4.4)
£ 3256 (22.3) 6441 (27.1) 9697 (20.7) 0.65 (13.6) 705.31 (5.0)
H 3822 (22.6) 7052 (33.5) 9874 (23.8) 0.70 (14.5) 745.78 (4.2)
] 4357 (23.2) 6861 (26.7) | 11217 (22.4) 0.61(11.4) 734.97 (5.5)
E 4917 (16.1) 8538 (25.9) | 13455 (17.0) 0.63 (10.8) 800.38 (4.9)
2 40006 (25.6) | 6092 (28.1) | 10098 (21.7) 0.60 (13.4) 816.33 (5.3)
o 4280 (16.1) 7672 (22.1) | 11951 (15.2) 0.64 (9.9) 884.08 (3.4)
3192 (18.4) 8708 (24.2) | 11900 (15.8) 0.72(9.7) 931.14 (4.6)

4365 (18.6) 6889 (30.6) | 11254 (16.8) 0.60 (15.2) 935.67 (4.1)
3213 (25.4) 8751 (24.3) | 11964 (17.9) 0.73 (10.2) 1032.16 (2.4)
3788 (20.3) 5538 (37.4) 9327 (21.5) 0.58 (17.6) 1060.78 (3.1)

4114 (21.1) 8561 (28.4) | 12676 (18.7) 0.66 (13.4) 701.95 (5.3)

3717 (29.4) 9037 (33.6) | 12754 (22.6) 0.69 (15.2) 705.44 (5.8)

5374 (28.9) 9046 (32.0) | 14702 (24.7) 0.63 (21.5) 762.53 (5.9)

- 4606 (23.6) | 10223 (28.9) | 14890 (22.4) 0.68 (11.9) 777.30 (4.4)
5 4750 (23.2) 8307 (24.6) | 12770 (19.8) 0.63 (13.7) 848.82 (5.2)
g 5-BK20-BK20-LA 3229 (19.0) | 11584 (22.1) | 14533 (16.1) 0.78 (5.5) 829.66 (9.7)
© 1|5-BK30-BK30-CA W 3631 (18.4) | 14886 (25.3) | 18037 (19.1) 0.79 (6.7) 899.00 (4.8)
% 5-BK30-BK30-LA 3843 (20.3) | 10589 (15.2) | 13951 (17.3) 0.74 (7.2) 962.47 (3.8)
‘s |5-BK40-BK40-CA | 3683 (18.3) | 12930 (19.7) | 16589 (17.2) 0.78 (6.2) 1100.39 (5.0)
£ [|5-BK40-BK40-LA 3589 (20.8) 9242 (28.2) | 12444 (25.7) 0.72(7.7) 1058.44 (3.6)
‘s jI9-BK-BK-CA 12034 (23.9) | 22656 (21.6) | 34689 (15.8) 0.65 (12.0) 688.55 (5.6)
5 §I9-BK-BK-LA 9167 (25.4) | 20624 (34.1) | 29791 (26.5) 0.68 (13.5) 716.69 (5.9)
% [|9-BK10-BK10-CA W 13157 (19.8) | 35721 (28.4 | 48879 (19.5) 0.72 (10.7) 724.13 (6.1)
_cl> 9-BK10-BK10-LA @ 15051 (17.0) | 25565 (25.2) | 38292 (25.6) 0.62(10.7) 784.28 (4.0)
= §19-BK20-BK20-CA W 11856 (15.1) | 21431 (18.6) | 32476 (21.8) 0.64 (5.9) 812.26 (5.0)
= Y[9-BK20-BK20-LA [ 11245 (14.9) | 29640 (20.7) | 40567 (14.0) 0.72(7.9) 865.88 (3.1)
9-BK30-BK30-CA B 11491 (16.0) | 28027 (19.6) | 40005 (14.6) 0.71(6.7) 890.04 (2.5)
9-BK30-BK30-LA B 11001 (20.9) | 18952 (23.4) | 29624 (13.8) 0.63 (12.5) 905.16 (3.2)
9-BK40-BK40-CA | 12516 (16.1) | 26481 (26.5) | 39947 (14.6) 0.69 (7.1) 906.92 (2.4)
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reinforcement showed better result than CA reinforcement. Reinforcement of samples
densified to higher level (beyond 10%) did not cause any significant improvement. Similar
to the results obtained with 5 mm thick samples, reinforcement of samples densified
beyond 10% level caused substantial improvement in the bending work in plastic region
while, the bending works in elastic zone were significantly compromised. The higher
percentage improvement in the plastic bending work values in samples densified beyond
20% level (Fig. 9b) and reinforced is due to the very poor plastic bending work values of
the respective densified samples.

Comparison of results of all the treatments attempted (densification, reinforcement
and combination) and both the thicknesses studied, indicate that, each treatment affects the
bending work performance differently. Densification contributes towards improvement in
the elastic work, while the plastic work was negatively affected. Reinforcement of wood
with high stiff and high strength material, as expected, improved both elastic as well as
plastic work, however, the improvement was more in the plastic region as compared to the
elastic region. The improvement in the elastic work due to reinforcement was significantly
lower as compared to that obtained by densification. Combination of densification and
reinforcement provided synergistic effect on the bending work. Both elastic as well as
plastic work improved significantly due to combination of densification and reinforcement.
The improvement in the plastic bending work was higher as compared to the improvement
obtained in elastic bending work. Although, reinforcement of control (non-densified) as
well as densified wood improved the bending work, the improvement was not
proportionate to the inherent properties of the reinforcing material (carbon and glass fiber).
The plausible reason for this disproportionate result can be attributed to the relatively poor
properties of the adhesive (PVAc) used to bind the reinforcing material with wood. Further,
it was also observed that, the degree of improvement was marginally lower in thicker
samples as compared to thinner sample.

CONCLUSIONS

This paper studies the effect of wood densification and reinforcement with strong and
stiff synthetic fiber on the elastic, plastic and total bending work. Beech wood samples of
two different thicknesses (5 mm and 9mm) were densified to four different levels (10-40%)
by thermo-mechanical method (at 140 °C £ 5 °C) and reinforced using glass and carbon
fibers. Three-point bending test was carried our using universal testing machine and the
area under the stress strain curve was analyzed to ascertain elastic, plastic and total bending
work. The salient findings of this study are as follows:

e Material density has a significant effect on both elastic as well as plastic work, however,
the relation was not linear for the entire range of densifications tested.

e A densification level of 10% was found optimum in terms of improvement in the
elastic, plastic and total bending work in both tested thicknesses (5 and 9 mm). The
increase in total work due to densification is mainly due to the increase in the bending
work in the elastic region as densification caused a marginal reduction in the plastic
bending work.

e Reinforcement of non-densified with synthetic fiber influenced both elastic, plastic and
total bending work. Improvement in plastic bending work was significant in both tested
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material thicknesses, whereas the improvement in elastic bending work was only
significant in samples of lower thickness only (5 mm).

e Reinforcement of densified lamellas caused significant improvement in the total work
in relation to total work of the respective densified lamellas. Reinforcement improved
the total work by making significant contribution in the plastic region (37-213%) as
compared to the elastic region.

e When both densification and reinforcement are combined, the performance of
reinforced samples densified by 10% was found optimum from the point of both elastic
and plastic work.

e Bending work increased as the material thickness increases. However, when densified
and reinforced, the degree of improvement was marginally lower in thicker samples as
compared to thinner sample.
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ABSTRACT

Until recently, elastic and plastic potential approach in wood bending has not
received much attention for the mechanical characterization of these composite natural
materials. This article addresses the identification and quantification of wood potential
characteristics on 5 mm and 9 mm thick wood and laminated materials. This work deals
with the analysis of the influence of the composition of laminated materials based on
solid and densified beech lamellae (5 and 9 mm) and the application of reinforcing
elements in the form of high-strength carbon and glass fibers. Densified lamellae was
subjected to different degrees of densification (from 0 to 40%). The individual layers
were bonded with polyvinyl acetate adhesive (PVAc). The paper analyzes the behavior
on the elastic, plastic and total bending potential and their ratios. The results of this study
considerably expand existing knowledge necessary for the creation of layered materials
with specific properties for a given purpose of use and be considered as a reference for
further investigations in the present subject.

Keywords: bending potential; elastic potential; plastic potential; degree of densification;
material thickness

INTRODUCTION

Different characteristics are used to identify mechanical performance of a
material. Depending on their required predicative value, they can be classified as
extensive, intensive and protensive characteristics. Intensive characteristics have a wide
range of applications, but their predicative value is not reliable due to the fact that they
are influenced by a number of other factors. Protensive characteristics are constantly
changing and cannot be reproduced retrospectively. From a practical and scientific point
of view, extensive characteristics are the most important for us, 1.e. values characterizing
the state of the system whose value depends directly on the size of the system. Bending
potential can be divided into two regions on the stress-strain diagram, namely the elastic
region and the plastic region (Fig. 1), the sum of which is the total potential. The elastic
and plastic potential in wood bending has only been correctly mathematically defined
recently [1; 2], and due to its mathematical formulation it can be classified as an
extensive characteristic. Knowledge of these characteristics can help us obtain a large
amount of useful information [3; 4; 5].
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Nowadays, there is a trend of use materials that promote sustainable construction.
Among these materials timber stands out because it has positive environmental
attributes, including low embodied energy and low carbon impact, however, wood also
has certain negative properties [6; 7]. By modifying the wood, significant changes in
mechanical properties can be achieved. The positive effect of wood densification on the
mechanical properties of wood is well known and has been presented in many articles [8;
9, 10; 11; 12; 13; 14]. Given that correct interpretation describing the potential of
materials subjected to bending stress has only been described recently [1; 2], there is so
far no knowledge on the effect of wood densification on characteristics describing the
bending potential of wood. To increase the homogeneity of wood, it is possible to talk
about the layering of wood, where the individual layers of wood are connected using
adhesives [15]. Several authors have dealt with the application of densified layers of
wood in composite layered material [16; 17; 18; 19; 20];, however, no one has examined
the effects of densification of individual layers in interaction with their position in the
layered material. This is the main aim of the present study, which describes the effect of
these factors as well as their interactions. Similarly, the present approach can be applied
on non-wood component (NWC) in a layered material, these materials have gained
increased importance by the construction industry since they are considered higher
performance structural materials [21]. There are many ways to use these materials, either
from the point of view of the composition of the layered materials or from the point of
view of the type and volume fraction used [15].The effect of these materials on the
mechanical properties has been described in several papers [22; 23; 24; 25; 26; 27], but
research was never focused on identifying and quantifying the influence of this type of
material on the characteristics describing the potential of wood under bending stress in
interaction with other monitored parameters.

In the current study, the bending potential of reinforced laminated composites has
been studied. The aim of this present study was to ascertain the effect of wood density
(artificial densification), reinforcement of wood with high strength and high stiff
material (carbon and glass fiber) and the combined effect of both measures on the
bending potential. The work invested was separated into elastic and plastic potential,
subsequently, combined to derive the total potential.

ELASTIC AND PLASTIC POTENTIAL

The region under the stress-strain curve diagram during bending can be divided
into an elastic (A) and plastic (B) region. The sum of these regions is the so-called total
potential "Pc" [1; 2]. Each of these characteristics has its own predicative value with
scientific and practical use. The elastic potential "Pg" expresses the amount of energy
needed to bend the material to the limit of proportionality; it is also the amount of energy
that this material absorbs and consumes after the applied mechanical forces are released
to return to its original state [28]. The plastic potential characterizes the amount of
energy required for the permanent transformation of the material [28]. By multiplying
this value by the volume of the material, we get the amount of work needed to bend the
material to the modulus of rupture, so it is of great practical importance. Based on the
ratio of elastic potential "Pg" or plastic potential "Pp" to the total potential, it is possible
to specify material properties for a given purpose of use. This approach is a basic
approach of the theory of smart materials, according to which a balance should be
maintained between the properties of the material, appropriately selected in synergy with
the processes of their creation and their purpose of use, which aims to maximize the

257



258



259



260



X R R

56 (21.2) | 91(29.2) | 148(11.6) | 0.39 (22.9) | 0.61(20.8) | 687.90 (5.3)

98 (15.2) | 96 (22.1) | 194(16.2) | 0.51 (10.5) | 0.49(10.9) | 789.59 (3.7)

" 114 (16.4) | 91(23.9) | 205(13.7) | 0.56 (13.3) | 0.44(16.7) | 828.98 (3.7)
3 85 (17.0) | 82(21.9) | 166(20.4) | 0.52(17.9) | 0.48(19.7) | 914.20 (7.1)
7 9 (21.4) | 110(24.7) | 206(13.9) | 0.47 (18.6) | 0.53(16.5) | 995.95 (5.8)
5 49 (22.8) | 71(27.9) | 120(29.2) | 0.43 (26.2) | 0.57 (19.4) | 699.50 (6.7)
& 84 (28.1) | 74(29.0) | 158(23.1) | 0.53 (17.4) | 0.47 (19.8) | 730.84 (4.1)
102 (29.4) | 83(28.7) | 180(24.7) | 0.55 (12.8) | 0.45(15.9) | 817.99 (3.7)

97 (26.0) | 69 (27.1) | 167(25.2) | 0.58(18.9) | 0.42(26.4) | 902.29 (4.5)

104 (24.0) | 77 (24.7 181 (26.8) | 0.58 (21.9) | 0.42(20.7) | 1007.63 (4.2

34(20.1) | 80(23.6) | 113(22.7) | 0.32(25.9) | 0.68(16.6) | 698.77 (5.4)

5 87 (13.2) | 111(24.2) | 198(16.6) | 0.44 (13.5) | 0.56(10.8) | 783.35 (2.6)
3 100 (18.2) | 102 (24.6) | 203(21.4) | 0.51 (19.0) | 0.49(19.8) | 842.05 (4.1)
£ 81(24.3) | 103(26.1) | 184 (14.5) | 0.44 (22.9) | 0.56(18.1) | 890.74 (5.2)
z 84(20.3) | 95(23.8) | 180(21.6) | 0.48 (25.6) | 0.52(23.2) | 912.65 (11.8)
S 30 (22.5) | 57 (27.1) | 87 (255) | 0.36 (21.4) | 0.64(23.7) | 70557 (3.6)
3 74(29.2) | 65(29.5) | 139(21.1) | 0.54 (14.3) | 0.46(17.1) | 741.68 (3.3)
g 88 (23.2) | 70(22.0) | 158(20.0) | 0.56 (16.9) | 0.44 (21.6) | 836.01 (4.0)
= 69 (20.4) | 71(23.8) | 141(16.6) | 0.50 (22.0) | 0.50(22.3) | 870.08 (4.2)
77 (21.9) | 80(25.6) | 157(19.9) | 0.50 (21.8) | 0.50(21.9) | 978.55 (3.7)

65 (18.3) | 118(27.2) | 183(16.3) | 0.36 (25.6) | 0.64 (14.6) | 712.33 (4.7)

54 (20.0) | 111(22.0) | 175(14.2) | 0.38 (23.5) | 0.62(20.2) | 757.52 (5.2)

100 (17.2) | 121(22.7) | 221(16.2) | 0.46 (14.6) | 0.54(12.3) | 763.99 (5.5)

83 (24.0) | 134(23.5) | 217(13.3) | 0.39 (24.3) | 0.61(15.4) | 786.06 (3.3)

131 (17.4) | 134(20.4) | 265(13.3) | 0.50 (13.4) | 0.50(13.3) | 863.56 (5.4)

116 (23.4) | 160 (26.9) | 277 (15.9) | 0.43 (22.5) | 0.57 (14.7) | 833.06 (5.2)

g 83 (29.5) | 246(21.4) | 329(18.2) | 0.27 (27.8) | 0.73(17.4) | 901.36 (7.8)
E 111 (21.9) | 137 (22.6) | 248(16.3) | 0.45 (17.0) | 0.55(13.9) | 989.08 (4.0)
< 107 (27.4) | 318(23.8) | 425(20.1) | 0.27 (21.8) | 0.73(15.1) | 1107.10 (4.9)
3 107 (23.3) | 160(22.4) | 267 (16.7) | 0.41(25.5) | 0.59(17.8) | 1102.85 (4.4)
b 59 (22.4) | 95(27.3) | 154(20.2) | 0.39 (23.4) | 0.61(15.2) | 705.31 (5.0)
g 51(22.6) | 102(23.3) | 153(22.4) | 0.35 (20.6) | 0.65(16.4) | 745.78 (4.2)
3 86 (23.5) | 105(27.0) | 191(22.4) | 0.45(15.5) | 0.55(12.9) | 734.97 (5.5)
2 98 (16.9) | 130(25.4) | 228(15.6) | 0.4 (16.6) | 0.56 (12.8) | 800.38 (4.9)
100 (25.8) | 104 (28.3) | 204(21.3) | 0.49 (16.8) | 0.51(16.3) | 816.33 (5.3)

108 (16.7) | 132(21.7) | 240(13.9) | 0.45 (14.7) | 0.55(12.3) | 884.08 (3.4)

95 (17.6) | 160(23.7) | 254 (12.4) | 0.38 (21.9) | 0.62(13.3) | 931.14 (4.6)

120 (17.4) | 124(20.1) | 244(13.2) | 0.50 (19.5) | 0.50(19.4) | 93567 (4.1)
116 (23.9) | 175(23.8) | 291(14.7) | 0.40 (22.4) | 0.60(15.1) | 1032.16 (2.4)

137 (21.8) | 110(256) | 247(16.8 | 0.56 (18.7) | 0.44 (23.9) | 1060.78 (3.1

55(21.2) | 97(28.2) | 151(185) | 0.37 (25.1) | 0.63(14.8) | 701.95 (5.3)

49 (29.0) | 102(24.8) | 151(22.7) | 0.34 (22.8) | 0.66(17.0) | 705.44 (5.8)

82 (28.9) | 107 (24.7) | 189(26.9) | 0.43 (22.4) | 0.57 (24.5) | 688.55 (5.6)

5-BK10-BK10-LA ] 68 (22.8) | 113(26.7) | 181(26.5) | 0.39 (24.4) | 0.61(15.8) | 716.69 (5.9)
5-BK20-BK20-CAl] 90 (23.6) | 108(23.8) | 198(21.3) | 0.47 (27.1) | 0.53(23.9) | 762.53 (5.9)
5-BK20-BK20-LA | 55 (19.0) | 144 (24.0) | 199(18.8) | 0.28 (19.5) | 0.72(7.7) | 777.30 (4.4)
5-BK30-BK30-CAll 75 (22.2) | 204(27.3) | 279(18.1) | 0.28(29.8) | 0.72(11.5) | 724.13 (6.1)

_ I5-BK30-BK30-LAl &7 (23.9) | 138(27.4) | 225(135) | 0.39(20.5) | 0.61(19.8) | 784.28 (4.0)
¢ |[5-BX40-BKa0CAN 116 (168) | 209(272) | 324(180) | 037(225) [ 063(130) | 84882(5.2)
& N5-BK40-BK40-LAfl 95 (21.3) | 140(22.2) | 235(18.6) | 0.42 (25.8) | 0.58 (18.4) | 829.66 (9.7)
® 54 (24.3) | 90(21.7) | 143(159) | 0.38 (21.3) | 0.62(13.0) | 812.26 (5.0)
E 41(25.9) | 81(23.9) | 121(26.0) | 0.35(26.9) | 0.65(14.5) | 865.88 (3.1)
9-BK10-BK10-CAfl 65 (18.2) | 150(28.1) | 214(19.1) | 0.31(26.2) | 0.69(11.9) | 899.00 (4.8)
O-BK10-BK10-LA | 77 (17.2) | 103(20.1) | 179(19.9) | 0.44 (19.1) | 0.56 (14.8) | 962.47 (3.8)
0-BK20-BK20-CAfl 72 (19.8) | 96(27.0) | 168(21.3) | 0.43 (14.3) | 0.57 (11.0) | 890.04 (2.5)
0-BK20-BK20-LA | 73 (15.0) | 136(27.4) | 208(16.8) | 0.36 (24.7) | 0.64(13.9) | 905.16 (3.2)
0-BK30-BK30-CAll 78 (18.6) | 128(27.4) | 206(19.9) | 0.39 (26.4) | 0.61(16.8) | 1100.39 (5.0)
0-BK30-BK30-LA | 87 (20.5) | 101(29.9) | 188(13.7) | 0.47 (23.1) | 0.53(20.3) | 1058.44 (3.6)
0-BK40-BKA0-CAfl 90 (24.3) | 122(20.1) | 212(14.4) | 0.43 (29.0) | 0.57 (22.1) | 906.92 (2.4)
9-BK40-BKA0-LAll 91 (21.9 98 (24.4) | 189 (15.8) | 0.48 (16.6) | 0.52(156) | 931.60 (3.2

Values in parentheses are coefficients of variation (CV) in %, Pr— Elastic potential, Pp— Plastic potential,
P¢— Total potential

Effect of densification on bending potential
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Thickness 1,000 -
(mm)

Densification 0,000 1,000 - - - - -
Pe (MPa -0,109 0,426 1,000 - - - -
Pr (MPa -0,339 0,076 0,194 1,000 = - B
Pc (MPa -0,248 0,380 0,789 0,710 1,000 - -
Pe/Pc 0,189 0.299 0,533 -0,646 -0,006 1,000 -
Pp/Pc -0,189 -0,299 -0,533 0,646 0,006 -1,000 1,000

Table 3 shows the results of the Spearman Rank Order correlation analysis for
two-layer materials without a non-wood component, where the dependence of all
observed potentials was demonstrated in terms of the thickness and densification of
individual layers of materials (Pg, Pp, Pc). Characteristics Pe/Pc and Pp/Pc exhibit a
dependence on the elastic and plastic potential, but not the total potential.

Table 3: Spearman's rank correlation coefficient of bending characteristics for two-layer
material without non-wood components

Variables Thickness Densification | Densification Pe Po/Pc
mm of 1st layer of 2nd layer MPa P

Thickness (mm) 1,00 -
Densification of 1st

layer 0,00 1,00 - - - - - -
Densification of

2nd layer 0,00 1,00 1,00 - - - - -
Pe (MPa) -0,18 0,42 042 1,00 - - - -
Pe (MPa) -0,47 0,17 0,17 0,30 1,00 - - -
Pc (MPa) -0,40 0,37 0,37 0,77 0,81 1,00 - -
Pe/Pc 0,22 0,31 0,31 0,56 -0,53 -0,01 1,00 =
Pp/Pc -0,22 -0,31 -0,31 -0,56 0,53 0,01 -1,00 1,00

The results of the Spearman Rank Order correlation analysis for two-layer
materials with a non-wood component are shown in Table 4. A high dependence of all
monitored characteristics was proven, with the exception of the dependence of'the elastic
potential on the thickness of individual layers. Wood densification in this type of
material shows a dependence on the elastic, plastic and total potential, but not on the
ratios of the potentials. The application of a non-wood component only shows
dependence on the plastic potential and the potential ratios.

Table 4: Spearman's rank correlation coefficient of bending characteristics for two-layer
material with non-wood components

; Thickness | Densification - P Pc
Variaos ot ret aver | Ronorcement | i) | gy | aape) | PoPo | PoPe

Thickness 1,00 -
(mm)

Densification -0,00 1,00 - - - - - -
of 1st layer

Reinforcement -0,00 -0,00 1,00 = = = - -
Pe (MPa) -0,00 0,55 0,08 1,00 - - - -
Pe (MPa -0,27 0,44 -0,12 0,08 1,00 - - -
Pc (MPa -0,22 0,69 -0,08 0,55 0,82 1,00 - -
Pe/Pc 0,18 0,07 0,14 0,61 -0,67 -0,21 1,00 -1,00
Pp/Pc -0,18 -0,07 -0,14 -0,61 0,67 0,21 -1,00 1,00
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Table 5 shows the results of the Spearman Rank Order correlation analysis for
three-layer materials with a non-wood component. These results clearly show a high
dependence between the thickness of the individual layers and all the monitored
characteristics except the elastic potential. The densification of individual layers has a
high dependence on all monitored characteristics. The application of a non-wood
component showed a strong dependence on all monitored potentials but not on their
ratios.

Table 5: Spearman's rank correlation coefficient of bending characteristics for three-layer
material with non-wood components

N Thickness Densification | Densification » Pe

Thickness (mm) 1,00

Densification of - = - - - - -

1st layer -0.00 1,00

Densification of - - = = = =

2nd layer -0,00 1,00 1,00

Reinforcement -0,00 -0,00 -0,00 1,00 - - - - -

Pe (MPa) -0,06 0,63 0,63 -0,10 1,00 - - - -

Pe (MPa) -0,24 0,35 0,35 -0,11 0,19 1,00 - - -

Pc (MPa] -0,22 0,56 0,56 -0,12 0,56 0,89 1,00 - -

Pe/Pc 0,14 0,13 0,13 0,03 0,50 | -0,68 | -0,33 1,00 | -1,00

Pp/Pc -0,14 -0,13 -0,13 -0,03 -0,50 0,68 0,33 -1,00 1,00
CONCLUSIONS

This paper studies the effect of densification and reinforcement of wood with
synthetic fibers on the elastic, plastic and total bending potential. The main findings of
this study are as follows:

e The density of the material has a significant effect on the elastic and plastic
potential, but the relationship was not linear for the whole tested area of
densification.

e The degree of 20% densification was found to be optimal in terms of improving
the elastic, plastic and total bending potential in both tested lamellas thicknesses
(5 and 9 mm). The increase in the total bending potential due to densification is
mainly due to the increase in the bending potential in the elastic region.

e Reinforcement of non-densified wood with synthetic fibers affect the elastic,
plastic and total bending potential. The improvement in plastic potential was
significant for both tested beech lamella thicknesses, whereas the improvement in
elastic potential was more evident mainly for test specimens with a smaller
thickness (5 mm).

e The reinforcement of the densified lamellas caused a significant improvement of
the total bending potential in relation to the total potential of the respective
densified lamellas. The reinforcement in combination with the densified lamellas
improved the total bending potential with a significant contribution in the plastic
field.

e When combining both densification and reinforcement, the performance of 10%
densified reinforced lamellas was found to be optimal in terms of both elastic and
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plastic potential, although the reinforcing components appeared more effective at
higher degrees of densification.
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